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ABSTRACT 

Th1s  paper  describes  the  algorithms  and  digital  processing  techniques  that  were  developed  for  the 
purpose  of  temporal  and  three-dimensional  measurement  of  typical  battlefield  smokes  and  dusts.  The 
Image  data  essential  to  the  development  and  testing  of  these  algorithms  was  acquired  during  near-real- 
t  Istlc  field  experiments  conducted  by  the  Atmospheric  Sciences  Laboratory  (DIRT  series)  and  the  Project 
Manager  Smoke  Office  (SMOKE  WEEK  series).  These  controlled  expenditures  of  a  variety  of  munitions 
were  observed  at  two  widely  separated  stations  each  containing  video-rate  sensors  that  recorded  In  the 
four  wavelengths  most  common  to  currently  operational  electro-optical  battlefield  designator  and  sur¬ 
veillance  systems.  The  analysis  techniques  application  results  In  Information  regardl  „  size,  shape, 
a.id  the  direction  and  transport  rate  of  the  cloud.  Additionally;  the  length  of  the  optical  path  vector 
(within  the  cloud),  the  location  of  the  apparent  center  of  mass,  and  a  statistical  estimate  of  the 
volume.  The  computational  output  Is  presented  In  temporal  listing  format  and,  graphically,  as  a 
sequence  of  ellipsoids  viewed  from  three  perspectives. 


1.  INTRODUCTION 


A  priority  In  current  Anqy  research  Is  the  development  of  models  that  will  predict  the  effects 
of  an  unlimited  range  of  types  and  concentrations  of  obscuration  on  the  performance  of  battlefield 
surveillance  and  target  designation  devices.  As  In  most  research,  empirical  validation  Is  essential 
prior  to  the  reliable  application  of  the  theory.  This  paper  discusses  the  progress  in  the  development 
of  one  aspect  of  this  validation  process:  the  derivation  of  temporal  dimensions  for  typical  smokes  and 
dusts  from  field-test  video  Imagery. 


2.  DATA  DESCRIPTION  AND  ACQUISITION 


The  fielded  data  acquisition  equipment  configuration  consisted  of  two  sensor  observation  sites 
positioned  within  a  range  of  500  meters  to  2500  meters  from  the  smoke  or  dust  event  and  with  an  angular 
pointing  separation  of  45°  to  90°.  With  the  available  systems  the  Ideal  observation  setup,  dictated  by 
the  optical  flelds-of-vlew  and  detector  responslvlty  of  the  sensors,  is  at  approximately  1500  meters 
and  separated  by  approximately  75°.  The  localities  selected  for  the  field  tests  seldom  allowed  these 
conditions  due  to  the  presence  of  obstructions  In  the  flelds-of-vlew  and  positioning  conflicts  with 
other  Instrumentation.  Each  of  the  two  sites  was  comprised  of  a  bank  of  four  boreslghted  sensors  that 
recorded  video  Images  simultaneously  In  spectral  bandpasses  o'  0.5  -  0.7um,  1.06um  -  0.2,  3.0  -  5.0um, 
and  8.0  -  14.0um.  Over  200  Individual  smoke  and  HE  events  have  been  observed  and  recorded  during  the 
fol lowing  field  tests : 

DIRT  I.  White  Sands  Missile  Range,  September  1978,  sponsored  by  the  US  Army  Atmospheric  Sciences 
Laboratory,  32  events,  HE. 

SMOKE  WEEK  1 1 .  Eglln  AFS,  October  1978,  sponsored  by  the  PM  Smoke  Office,  30  events,  smokes  of 


all  types. 
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DIRT  II.  White  Sands  Missile  Range,  August  1979,  sponsored  by  the  Atmospheric  Sciences  Labora¬ 
tory,  40  events,  HE  -  105mm,  155mm,  and  C-4. 

DIRT  Ill.  Fort  Polk,  Louisiana,  April  and  May  1980,  co-sponsored  by  the  Atmospheric  Sciences 
Laboratory  and  the  US  Army  Corps  of  Engineers,  70  events,  HE  -  105mm,  155mm,  and  C-4. 

SMOKE  WEEK  III,  Eg  11 n  AFB,  August  1980,  sponsored  by  the  °M  Smoke  Office,  44  events,  smokes  of 
all  types  and  vehicular  dust. 

The  raster-image  output  from  each  of  the  sensors  was  recorded  on  video  tape  at  a  rate  of  slxty- 
per-second  and  then  later  digitized  onto  nine-track  computer  tape  In  eight-bit  gray-level  picture 
element  arrays  of  250  by  300.  The  time  Increment  selected  for  digitization  varied  through  the 
course  of  the  event.  An  Increment  of  0.1  second  for  the  first  second  of  the  event  and  0.5  sec¬ 
onds  from  1.0  to  10.0  seconds  achieved  a  comprehensive  history  of  the  effects  of  the  initial  blast 
phase.  The  externally  apparent  physical  changes  that  occurred  during  the  buoyant  and  transport  phases 
were  In  most  cases  suitably  described  with  a  2.0  second  Increment  from  10.0  seconds  into  the 
event  until  dissipation. 


3.  TWO-DIMENSIONAL  ANALYSIS 

The  technique  for  calculating  the  smoke  or  dust  cloud  geometry  from  digital  Images  acquired  from 
a  single  perspective  (observation  site)  Is  fundamental  only  to  the  primary  consideration,  that  of 
providing  temporal  geometry  measurements  of  the  solid  feature  In  three-dimension  space.  The  quality 
of  the  three-dimensional  analysis,  is  to  be  discussed  later.  Is  dependent  upon  the  precision  achieved 
In  the  mathematical  treatment  of  the  separate  raw  data  sets  acquired  from  two  widely-spaced  observa¬ 
tion  perspectives.  Of  Initial  Importance  In  the  two-dimensional  data  reduction  Is  the  selection 
of  a  suitable  scheme  to  be  used  for  Isolating  the  cloud  feature  from  the  surrounding  scene:  the  delin¬ 
eation  of  the  cloud  perimeter.  In  the  method  used,  this  Is  achieved  by  the  differencing  (substractlon) 
of  the  gray  level  values  of  the  array  of  picture  elements  (pixels)  of  a  schene  recorded  Immediately 
prior  to  the  Ignition  of  the  event  from  those  positionally  correspondent  pixels  In  scenes  that  follow 
In  time  and  contain  the  cloud  feature.  The  result  of  this  operation  then  Is  a  new  Image  array  In 
which  those  pixels  that  are  positionally  outside  of  the  feature  perimeter  now  have  the  value  of  zero 
(0)  In  the  eight-bit  range  of  gray  and  the  pixels  Inside  of  the  feature  perimeter  have  values  other 
than  zero.  Next,  all  values  within  the  perimeter  are  automatically  assigned  to  gray  level  value  of 
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one  (1).  The  product  of  this  new  array,  or  mask,  and  the  original  raw  data  scene  then  results  in  a 
pixel  array  that  accurately  depicts  only  the  cloud  feature  and  a  reconstitution  of  its  radiance  in 
terms  of  gray  level  gradient.  This  closed  feature  out'ine  within  the  array,  described  by  those  pixels 
positioned  adjacent  to  and  Just  inside  of  the  mask,  becomes  the  extremity,  or  endpoints,  for  all 
vector-d‘ stance  dimension  calculations  made  of  the  cloud.  For  example,  the  dimer, sions  for  the  height 
*  and  width  of  the  cloud  are  the  products  of  the  maximum  pixel  spatial  distances  in  the  vertical  and 
horizontal,  respectively,  and  the  object-plane  spatial  dimension  of  a  pixel  (resolution).  The  area 
computation  is  simply  the  sum  of  all  pixels  within  this  perimeter  (Figure  1). 

After  much  experimentation  It  was  concluded  that  an  ellipsoid  fitting  to  these  perimeter  pixels 
would  best  typify  the  form  of  most  smoke  or  dust  clouds  for  the  purpose  of  temporal  evaluation  of  size 
and  shape.  Also,  for  feature  tracking,  the  centroid  of  this  ellipse  provides  the  best  estimate  of  the 
position  of  the  center-of-mass  in  two-dlmensior.al  space  from  the  perspective  of  the  sensor  (Figure  2). 
Another  important  reason  for  this  approach  Is  that  it  permits  an  expeditious  and  simplistic  method  for 
the  automatic  handling  of  the  large  volume  of  data  inherent  in  digital  Imagery.  The  parameters  that 
describe  the  ellipse  were  computed  by  first  deriving  the  eigenvalues  and  eigenvectors  of  the  scatter 
matrix  of  the  perimeter  pixel  positions  (Appendix  1).  A  coordinate  system  origlr  (centroid)  was 
ostab'ished  by  a  least-squares  juncture  of  these  vectors  and  then,  the  transformed  perimeter  pixel 
locations  fitted  to  an  ellipse  In  standard  position.  This  results  in  provision  of  values  for  the 
lengths  of  the  major  and  minor  axes,  Inclination  of  the  major  axis,  and  the  coordinates  of  the 
centroid. 

Up  to  this  step  In  the  process  all  operations  have  related  to  the  static  condition  of  the  feature, 
the  analysis  of  the  geometry  for  a  given  Instant  In  time.  Now,  with  knowledge  of  the  location  of  the 
apparent  center-of-mass  (centroid),  calculations  can  be  generated  that  relate  to  the  dynamics  of  the 
feature:  the  temporal  relationships  for  growth  and  dissipation,  relative  shape  changes,  and  transport 
distances  and  rates.  The  procedures  discussed  above  are  then  applied  to  time-coincidental  digital 
data  ets  of  the  event  scenes  from  both  sensor  observation  sites.  The  geometric  projection  of  these 
pairs  of  two-dimension  data  sets  Into  a  common  three-dimensional  object-space  coordinate  system  permits 
the  calculation  of  new  parameters  that  describe  the  dynamics  of  the  solid  feature  and  the  geographic 
relationships. 
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4.  THREE-DIMENSIONAL  ANALYSIS 

The  construction  of  an  ellipsoid,  as  representative  of  the  external  form  of  the  cloud,  provides 
a  logical  means  of  estimating  the  actual  form  of  the  Side  of  the  feature  opposite  the  perspective 
of  the  sensors.  A  reasonable  assumption  is  that  the  feature  surface  geometry  of  the  far  side  resembles 
thtt  of  the  front.  Generally,  In  excess  of  65*  of  the  surface  was  In  view  of  the  sensors  since  the 
angular  separation  of  the  stations  In  most  prior  field  tests  was  within  the  range  of  60°  to  90°.  Of 
course,  the  Inclusion  of  a  third  sensor  perspective  would  improve  the  geometric  solution  irmieasurably, 
and  this  will  likely  become  the  configuration  in  field  tests  in  the  near  future. 

In  the  algorithm,  the  point  In  object-space  where  the  smoke  or  dust  event  Initiation  occurs  is 
designated  to  be  the  point  of  normal  juncture  of  three  planes  of  projection  —  the  origin  of  the  three- 
dimensional  coordinate  system  (Figure  2).  The  location  of  this  point  in  the  Image  data  is  established 
to  be  at  the  Intersection  of  the  two  vectors  projected  from  the  respective  centroids  calculated  for 
the  very  first  evidence  of  a  cloud  in  the  scene  as  simultaneously  observed  from  the  two  stations. 

The  xz  and  yz  planes  of  projection  are  aligned  parallel  to  the  x  and  y  axes  specified  in  the  field 
survey  grid  system.  This  permits  positional  correlation  of  the  computed  feature  geometry  with  the 
results  from  other  measurements  systems  (I.e.,  alignments  of  transmissometer  paths,  etc.).  The 
respective  centroid  vector  distances  from  each  pair  of  sensors  to  their  point  of  Intersection  In  space 
provide  coefficients  of  scale*,  therefore,  the  product  of  this  value  (relative  to  a  given  sensor) 
and  a  number  of  pixels  In  the  Image  array  will  be  an  object-scale  dimension.  The  assumption  Is 
that  all  pixels  have  the  same  spatial  dimension,  within  the  facility  to  make  this  measure,  when 
treating  the  sensor  focal  plane  as  the  parallel  projection  of  the  object-plane.  The  object-plane  is 
a  plane  of  c nos s- section  of  the  cloud  that  is  normal  to  the  optical  axis  of  the  sensor.  Tnls 
operation  Is  valid  when  the  sensor  and  the  object  are  separated  by  a  distance  adequate  to  reduce  the 
effect  of  perspective  foreshortening  to  within  the  minimum  spatial  resolution  of  the  system,  a 
factor  taken  into  account  during  setup  for  each  field  experiment. 

The  calculations  of  the  five  ellipse  parameters  (x,  y,  a,  b,  e)  for  each  of  the  two  comnor.  wave¬ 
length  perspectives  are  projected  via  their  centroid  vectors  Into  the  two  vertical  planes  of  normal 
Junction  in  the  three-dimensional  system.  Next,  the  parameters  of  a  "first  estimate"  ellipsoid  are 
computed,  representing  the  Initial  attempt  at  the  fitting  of  the  ellipse  parameters  of  the  separated 
data  sets.  The  centroid  of  this  ellipsoid  Is  common  In  space  with  the  intersection  of  the  projected 
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centroid;  the  lengths  of  Its  major  and  minor  axes  result  from  the  least-squares  average  of  the  lengths 
projected  from  the  two  data  sets,  and  the  Inclination  Is  a  least-square  of  the  respective  angles.  The 
construction  of  this  rudimentary  feature  simply  provides  a  generalization  of  shape,  size,  and  direc¬ 
tion  of  motion  —  an  efficient  Initialization  of  the  statistical  process  for  arriving  at  the  optimum 
configuration.  Ellipse  parameters  that  result  from  the  cross-sectioning  of  this  "initial"  ellipsoid, 
parallel  to  each  of  the  two  ellipse  planes  described  above,  are  superimposed  on  these  planes  and 
centered  at  their  centroid  locations.  An  "objective  function"  Is  computed  from  the  measures  of 
parameter  deviation  between  the  estimated  ellipsoid  cross-sections  and  the  separate  ellipses  computed 
from  the  sensor  data  (Appendix  2).  Iteration  of  this  process,  the  ultimate  minimization  of  the 
objective  function,  will  produce  the  parameters  of  a  best  statistical  representation  of  the  "true" 
object-spaced  feature  and  Its  centroid  location  In  space.  This  procedure  Is  repeated  for  each  pair 
of  parameter  projections  that  were  calculated  from  the  Images  for  the  entire  time-history  of  the  smoke 
or  dust  event.  This  provides  a  time-history  of  dimensional  change  and  movement  of  the  feature. 

Specific  Information  that  is  presently  being  derived  by  this  technique  Is  as  follows:  Incremental 
measures  of  height,  width,  area,  distance  transported,  the  direction  and  rate  of  transportation,  volume 
and  the  optical  path  length  within  the  cloud.  The  optical  path  Is  a  vector  representing  a  selected 
perspective  of  the  feature,  generally  from  the  vantage  of  one  of  the  principle  transmissometers  asso¬ 
ciated  with  the  field  test.  A  plane  of  cross-section  of  the  ellipsoid  Is  easily  obtainable  normal  to 
any  viewpoint  In  space.  In  the  examples  shown  In  Figures  3  and  4,  Smoke  Week  III  -  trial  16,  the 
perspective  was  translated  to  a  point  at  the  800  meter  instrumentation  si.e  and  viewing  along  the  L3 
llne-of-slght.  In  Figure  5  the  viewpoint  Is  along  12.  The  Dirt  III  -  event  A-2,  Figure  6,  has  the 
perspective  from  the  NRL  transmissometer  located  at  the  principle  Instrumentation  site.  The  top  arid 
side  view  graphics  in  Figures  3,  5  and  6  are  cross-sectiori  depictions  of  the  features  from  the  view¬ 
points  stated  above.  All  measurements  are  metric  and  the  values  associated  with  the  ellipsoids  are 
seconds  from  the  ignition  time  (T  *  0.0  sec.).  The  data  columns  In  Figures  3,  5  arid  6  are  partial 
listings  of  those  data  available,  for  the  purpose  of  brevity  In  this  paper.  The  six  columns  of 
Information  that  follow  the  time-increment  columns  relate  to  measurements  of  the  ellipse  In  the 
cross-section.  Clarification  of  these  measurements  are  as  follows: 

Height  -  Vertical  distance  from  top  of  the  ellipse  cross-section  to  a  horizontal  plane  that 
contains  the  detonation  location. 
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Horizontal  Extent  -  The  width  of  the  ellipse  at  the  two  most  widely  spaced  lateral  points  on 
the  ellipse  perimeter. 

Vertical  Extent  -  The  distance  between  the  greatest  vertical  separation  of  points  on  the 
ellipse  perimeter. 

Area  -  Square  measure  within  the  ellipse  perimeter. 

Lateral  Offset  -  Distance  measured  In  the  horizontal  plane  of  the  track  of  the  ellipsoid 

centroid. 

Path  Length  -  The  vector  segment  distance  of  the  optical  path  from  entry  to  exit  points  on 
the  ellipsoid  surface. 

The  measurements  listed  In  the  last  four  columns  are  Independent  of  perspective: 

Volume  -  Cubic  measure  of  the  ellipsoid. 

Centroid  Height  -  The  vertical  distance  of  the  centroid  from  the  horizontal  plane  that 
contains  the  detonation  point. 

Transport  Direction  -  The  geographic  azimuth  of  the  ground  track  of  the  eHlpsold  centroid. 

Transport  Rate  -  The  speed  between  centroid  points  on  the  ground  track  {meters/second) , 

The  summary  graphic  shown  In  Figure  4  Is  a  generalization  of  the  dimensional  t 'me-progresslon  of 
four  of  the  more  Important  measurements:  Height,  width,  rate  of  transport,  and  height  of  the  apparent 
center-of-mass  above  the  terrain. 

5.  SUMMARY  AND  CONCLUSIONS 

In  this  Initial  phase  of  our  research,  as  reflected  in  the  results  shown  In  Figures  3  through  6, 
we  believe  that  most  difficulties  have  been  resolved  to  within  the  limitations  of  our  hardware.  On 
occasion,  a  new  problem  will  surface  due  to  the  unique  circumstances  associated  with  a  given  smoke  or 
dust  event  and,  consequently,  the  effort  to  diversify  the  algorithms  continues  In  convergence  toward  a 
purely  operational  method.  As  for  the  raw  data  quality,  the  acquisition  procedures  and  computer  en¬ 
hancement  routines  have  Improved  progressively,  now  to  the  point  that  only  the  quality  of  the  sensors 
has  become  the  limiting  factor. 

As  mentioned  earlier,  the  Inclusion  of  a  third  observation  station  would  permit  further  clarifica¬ 
tion  of  the  geometry  arid  the  dynamics  of  the  cloud.  This  would  not  only  Increase  the  accuracy  of  the 
ellipsoid  algorithm  but  also  allow  for  a  more  comprehensive  evaluation  of  the  finer  detail  of  the 
feature's  surface. 
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A  number  of  Interpretive  Investigations  are  ongoing  and  utilizing  the  results  of  the  dimensioning 
analyses.  The  means  for  deriving  wind  direction  and  speed  In  the  object-space  Is  completed;  note  the 
last  two  columns  In  Figures  3,  5,  arid  6.  This  technique  provides  the  only  direct  method  for  these  der¬ 
ivations  at  the  cloud  location  since  meteorological  Instrumentation  can  not  be  positioned  near  the 
Ignition  point  of  HE  rounds  or  In  most  cases  in  the  vicinity  of  corrosive  smokes.  We  are  proceeding 
In  the  Investigation  for  calibrating  the  cloud  surface  radiance  gradient.  At  present  we  are  only  able 
to  generate  a  relative  gradient  contour  map  for  each  time-increment  during  the  event  (Figure  1). 

During  the  next  field  test  calibration  sources  will  be  Imaged  simultaneously  with  the  cloud  observation, 
which  will  possibly  result  In  a  means  for  quantifying  the  radiance  gradient.  Statistical  schemes  are 
being  applied  to  measurements  derived  from  the  earlier  data  sets  of  an  event  as  a  means  for  detecting 
trends  for  the  purpose  of  cloud  type  Identification,  ar;d  growth  and  motion  prediction. 

Refinement  In  the  combination  of  image  array  processing  techniques  and  statistical  Interpretation 
brings  to  within  reach  the  solutions  for  a  number  of  problems  that  exist  In  battlefield  smoke  and  dust 
characterization. 
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APPENDIX  1. 

COMPUTATION  OF  ELLIPTICAL  PARAMETERS 

The  directions  along  which  a  set  of  points  p^;  1  *  1 ,n  have  greatest  spread  are  given  by  the  eigenvec¬ 
tors  of  their  "internal  scatter  matrix,"  W  «  wh*ch*  1n  tw0  dimensions  is  formed  from  the  mean 

values 


x 

1-1 

and  the  second  order  statistics 


Let  the  eigenvalues  of  W  be  denoted  X1  and  *2  with  corresponding  eigenvectors  j  and  E,,,  >1.e.: 

WEt  •  *i  Er  1-1,2 
and  order  the  so  that 

X1  -  x  2 

The  result  quoted  above  also  states  that  Ej  is  the  direction  of  maximum  spread  and  that  Ej  and  Ej  are 
perpendicular.  Thus,  If  the  points  Pp  1  ■  1 ,n  constitute  a  sample  from  an  elliptical  distribution  of 
points,  then  arid  E2  are  "good"  estimate*  cf  the  directions  of  the  major  and  minor  axes,  respectively, 
of  the  ellipse. 

We  then  make  a  change  of  coordinates  by  rotating  to  the  system  defined  by  E^  ,  E2  and  translating  the 
origin  from  (0,  0)  to  (x,  y ) ,  the  mean  point  of  the  data  points.  Calling  the  resulting  coordinates 
(u,  v),  we  now  have  data  points  p,  «  (u^  v^,  1  •  1  ,n  to  which  we  wish  to  fit  an  ellipse  in  standard 
position; 

uf  +  v£  «  1 
a2  b2 

To  derive  a  least-squares  solution  to  this  problem,  let  A  -  1/a2  and  6  •  1/b2;  then  the  problem  Is  to 
minimize  the  objective  function: 
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R(A,  B)  ■  ^  (Au^2  ♦  Bv,2  -  I)2  , 

which  yields  the  (linear)  normal  equations: 

A&4  *  sSuiV  ’2X 

AE-1 V  *  bE,4  *2V12 

This  procedure  requires  a  second  pass  through  the  data  to  calculate  the  coefficients  of  these  normal 
equations,  but  the  alternative  would  be  to  solve  a  five-dimensional  linear  program  with  constraints 
(l.e.,  fit  a  general  polynomial  of  the  second  degree  In  two-variables  whose  discriminant  Is  constrained 
to  the  elliptical  cate).  The  algorithm  used  here  has  proved  to  be  quite  efficient  on  a  minicomputer 

and  It  outputs,  (n  a  natural  way,  the  desired  parameters:  major  and  minor  axes,  Inclination  of  the 
major  axis,  and  the  center.  Note  alto  that  the  eigenvalue  problem  to  be  solved  Is  two-dimensional 
so  that  the  solution  can  be  written  down  directly. 
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APPENDIX  2. 

COMPUTATION  OF  ELLIPSOID  PARAMETERS 

An  Initial  eitlmate  It  computed  for  tha  ellipsoid  parameters  by  establishing  the  centroid  and  the 
direction  of  the  major  axis  as  least-squares  fits  to  the  corresponding  parameters  of  the  two  ellipses. 
Assuming  that  It  It  an  ellipsoid  of  revolution,  the  remaining  two  axes  can  be  found  by  orthogonality, 
leaving  only  two  parameters  to  be  determined',  the  lengths  a  and  b  of  the  semi-major  and  semi-minor  axes. 
The  method  of  steepest  descent  Is  used  to  minimize  the  objective  function-, 

F(a,b)  .  (P, (aj-a, )2  +  (P,(b)-b)2 
♦  (P2(a)-a2)2  +  <P2(b)-b2)2 

where 

a  and  b  are  the  ellipsoidal  semi-axes  as  defined  above. 

a^  and  b,  are  the  lengths  of  the  semi-major  and  minor  axes  of  the  ellipse  given  In  the  focal  plane 
of  the  first  sensor, 

a2  and  b2  the  analogous  quantities  for  the  ellipse  In  the  second  sensor  focal  plane, 

Pj(a)  and  P^b)  the  semi-major  and  minor  axes  of  an  ellipse  obtained  by  projecting  the  ellipsoid 
Into  focal  plana  1, 

P2(a)  and  P2(b)  the  corresponding  results  of  projection  of  the  ellipsoid  Into  focal  plane  2. 

The  procedure  converges  with  reasonable  rapidity. 
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FIGURE  6.  (II) 

MEASUREMENTS  AND  GRAPHICS  TYPICAL  OK  THREE-DIME NSION/MULTI -STATION  ANALYSIS. 
High-explosive  nunitions  -  dust. 
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MUNITION  EXPENDITURE  MODEL 

VERIFICATION  KUIK  PHASE  I  &• 

Ricardo  Pena 

Atmospheric  Sciences  Laboratory 
White  Sands  Missile  Range,  New  Mexico 

ABSTRACT 

The  US  Army  Atmospheric  Sciences  Laboratory  (ASL)  at  White  Sands  Missile  Range  (WSMR),  New  Mexico 
(NM),  has  developed  a  diffusion  model  called  KWIK  {crosswind  Integrated  concentration).  The  model  uses 
micrometeorology,  atmospheric  optics,  and  diffusion  theory  for  determining  smoke  munition  expenditures 
for  field  army  applications  and  can  be  run  on  several  desktop  computers.  Including  one  in  use  by  US  Army 
artillery  units.  Use  of  the  model  may  reduce  the  number  of  munitions  currently  expended  to  achieve  a 
given  screening  or  obscuration  objective. 

Phase  I  of  the  KWIK  Munition  Expenditure  Model  verification  tests  was  conducted  during  the  suirmer 
of  1980  at  Dugway  Proving  Ground  (OPG),  Utah,  for  visible  wavelengths  using  static  hexacholoroethane 
(HC)  smoke  sources.  Results  are  presented  showing  observer  assessment  data  as  compared  with  photo¬ 
graphic  documentation.  Also,  munition  expenditure  assessment  Is  made  by  comparing  KWIK  calculations 
with  current  Army  Field  Manual. 

1.  INTRODUCTION 

The  threat  Imposed  by  the  Soviet  bloc  tank  forces  requires  that  the  subject  of  obscuration  at 
ground  level,  for  both  offensive  and  defensive  planning,  receive  the  most  thorough  research  and  develop¬ 
mental  efforts.  Economic  considerations  for  munition  expenditures  further  dictate  pursuit  of  more 
efficient  mechanisms  for  obtaining  obscuration  objectives. 


The  development  of  munition  expenditure  algorithms  require  micrometeorology,  atmospheric  optics, 
turbulence  and  diffusion  In  the  surface  boundary  layer  of  the  atmosphere.  Primary  criteria  for  a 
workable  prototype  system  require  that:  (1)  the  algorithm  function  reliably  in  the  near,  mid,  and  far 
Infrared  as  well  as  In  the  visible  wavelengths  of  the  electromagnetic  spectrum;  (2)  the  model  output 
Include  munition  expenditure  estimates;  (3)  the  predicted  smoke  concentration  obscure  the  optical  path 
to  a  predetermined  attenuation  level;  and  (4)  Input  parameters  are  at  a  minimum  and  readily  obtainable. 


Other  criteria  of  significant  Importance,  include:  (1)  relative  humidity  effects  upon  the  hygro¬ 
scopic  characteristics  of  the  smoke  aerosols;  (2)  the  Impact  separation  of  projectiles  from  an  adjust¬ 
ment  point  to  establish  and  maintain  a  smoke  screen;  (3)  the  rate  of  fire  necessary  to  maintain  a  smoke 
screen;  (4)  the  meteorological  limits  for  practical  applications  of  screening/obscuration  on  a  battle¬ 
field;  and  (5)  the  relationships  between  transmittance  through  the  smoke  versus  concentration  over  the 
pathlength  as  a  function  of  wavelength. 


The  above  criteria  were  considered  In  developing  the  US  Army  Atmospheric  Sciences  Laboratory  (ASL) 
KWIK  (mnemonic  for  crosswind  Integrated  concentration)  smoke  algorithm  [1].  KWIK  Is  a  hybrid  model 
which  produces  munition  expenditures  based  on  atmospheric  optics  and  turbulent  diffusion  theory  as  a 
function  of  battlefield  meteorological  observations. 
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A  large  data  base  from  previous  experiments  exists  In  the  literature,  covering  chemically-generated 
military  smokes.  These  data  have  been  used  to  verify  and/or  evaluate  several  different  approaches  to 
atmospheric  diffusion  Including  the  Gaussian  formulae.  These  previous  tests  have  verified  the  predic¬ 
tability  cf  relatively  long  average  downwind  concentrations  of  some  diffusing  materials  in  the  atmos¬ 
phere;  however,  a  deficiency  exists  in  the  case  of  military  smokes  for  which  the  actual  obscuration 
has  not  been  reliably  predicted  or  verified,  especially  over  short  time  intervals.  It  is  fundamentally 
important  to  ascertain  the  categorical  performance  of  a  concept  before  proceeding  with  extensive  pro¬ 
posals  for  developmental  effort  or  modifications  to  systems  or  processes. 

In  order  to  verify  the  munition  expenditure  predictions  of  the  KWIK  model,  an  evaluation  plan  was 
devised  by  ASL,  consisting  of  three  phases.  This  report  deals  only  with  Phase  I,  an  effectiveness 
evaluation  test  for  visible  wavelengths.  This  test  was  conducted,  using  hexachloroethane  ( HC )  smoke 
sources,  at  Dugway  Proving  Grounds  (DPG)  during  the  sunmer  of  1980. 

2.  DESCRIPTION  OF  MODEL 

The  KWIk  model  consists  of  a  blending  of  meteorological  and  site  parameters,  atmospheric  optics, 
and  turbulent  diffusion  theory.  Each  of  these  are  briefly  discussed  below. 

Meteorological  and  Site  Parameters.  Meteorological  data  requirements  for  the  KWIK  algorithm  are 
based  upon  observations  that  would  hypothetically  be  available  on  a  modern  battlefield,  that  Is  hourly 
airway  or  synoptic  data  obtained  from  the  United  States  Air  Force  Air  Weather  Service  via  the  USAF 
Global  Weather  Central,  or  Information  furnished  by  the  US  Army  Field  Artillery  Meteorological  sections. 

Observational  requirements  for  the  microscale  diffusion,  atmospheric  optics,  ambient  stability,  and 
wind  direction  effects  upon  the  obt.urlng  screen  were  Investigated;  the  determination  being  that  eight 
standard  parameters  plus  one  terrain  characterization  index  would  be  sufficient.  Meteorologically,  the 
KWIK  algorithm  requires  data  Inputs  consisting  of: 
cell Ing  height  in  feet 
cloud  cover  In  percent 
visibility  In  miles 
precipitation,  yes  or  no 
temperature  In  degrees  F 
dewpoint  temperature  in  degrees  F 
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wind  direction  In  degrees 
wind  speed  In  knots 

The  terrain  Index  is  In  terms  of  the  average  height  in  centimeters  of  the  surface  roughness 
elements,  i.e.,  trees,  bushes,  grasses,  buildings,  etc.,  relative  humidities  which  are  required  for 
extrapolating  yield  factors  for  the  smoke  munitions  are  calculated  from  the  temperatures  and  dewpoints. 

The  stability  category  scheme  used  is  a  composite  version  developed  from  the  published  results  of 
Pasquill  [2],  Turner  [3],  and  Smith  [4],  The  composite  approach  uses  Turner's  radiation  Index,  ceiling 
and  cloud  modifications  to  the  index,  plus  Smith's  wind  speeds  associated  with  each  Pasquill  Category. 

Other  Inputs  related  to  the  calculation  of  insolation  for  the  determination  of  the  atmospheric 
stability  category,  are: 

latitude  in  degrees 

direction  from  equator  (north  or  south) 
longitude  In  degrees 
direction  from  Greenwich  (east  or  west) 
altitude  above  MSL  in  kilometers 
Julian  date  in  three  digits 
Greenwich  civil  time  In  hours 

Atmospheric  Optics.  The  optics  portion  of  KWIK  Is  adapted  from  an  approach  to  atmospheric  trans¬ 
mission  suggested  by  Downs  [5].  Transmittance  of  light  at  various  wavelengths  through  a  path  is  deter¬ 
mined  by  calculating  the  attenuation  due  to  absorption  by  water  vapor,  scattering  by  haze  or  fog,  and 
precipitation.  When  the  attenuation  due  to  atmospheric  conditions  Is  known,  the  attenuation  due  to 
smoke  that  Is  required  to  lower  transmittance  to  a  threshold  contrast  for  a  particular  wavelength  can 
be  computed.  By  use  of  the  transmittance  and  empirically  derived  relationships  between  transmittance 
and  concentration  for  various  smokes,  the  crosswind  integrated  concentration  for  a  particular  smoke 
can  then  be  computed. 

The  approach  used  to  determine  the  line  of  sight  Integrated  concentration,  CL,  of  the  obscuring 
smoke  screen  necessary  to  attenuate  an  optical  path  to  a  threshold  level  that  denies  target  acquisition 
Is  based  upon  the  transmittance  due  to  attenuation  by  Smoke,  Ts,  as  a  function  of  CL,  as  stated  in  the 
following  relationship: 
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In  Ts 

CL  *  -a  (1) 

where  CL  Is  the  minimum  Integrated  smoke  concentration  recessary  to  obscure  an  optical  path. 
Equation  (1)  Is  applicable  to  both  visible  and  Infrared  wavelengths  if  values  of  a  ,  the  extinction 
coefficient,  are  known. 

Microscale  Diffusion.  Smoke  screening  may  be  considered  microscale  since  screen  lengths  and  time 
fall  within  the  definition  of  mlcrometeorologlcal  processes,  l.e.,  a  few  meters  to  a  few  kilometers  and 
on  the  order  of  an  hour  or  less.  In  the  case  of  battlefield  obscuration,  the  Integrated  concentrations 
from  projectile  smoke  sources  generally  fall  below  acceptable  levels  of  obscuration  over  downwind  travel 
distances  of  50  to  200  meters. 

For  a  semi -continuous  plume,  such  as  the  HC  smoke  source  used  In  the  KWIK  Phase  I  trials,  a 
Gaussian  distribution  Is  assumed  to  diffuse  Independently  In  three  coordinates  directions  (X,  Y,  Z). 

The  crosswind  Integrated  concentration  (CWlC)  equation  used  Is  based  on  the  Gaussian  distribution 
function  described  by  Pasqulll  [2]  and  Gifford  [6].  Integrating  the  Gaussian  function  used  to  calculate 
the  CWIC  results  1 r  the  following  expression 


After  applying  the  Pasqulll  [2]  power  law,  a  z  *  cxd,  rearranging  terms  and  evaluating  the  exponential 
expression,  we  find  that  equation  (2)  solved  for  the  downwind  distance  x,  becomes 


where  the  source  strength  Q  Is  modified  by  the  munition  efficiency  factor  x  and  the  relative 
humidity  dependent  yield  factor  n.  V  Is  the  mean  wind  speed,  «  Is  a  wind  correction  factor  and  c  and 
d  are  stability  and  surface  roughness  dependent  coefficients. 

Equation  (3)  Is  used  to  obtain  the  smoke  projectile  Impact  separation  distance  required  to  screen 
a  given  length. 


444 


UNCLASSIFIED 


1 


I 


UNCLASSIFIED  B.2 

3.  DESCRIPTION  OF  TRIALS 

Thirty  trials  were  conducted  at  DPG  during  July  and  September  of  1980.  Groups  of  three  Ml  and  one 
M2  HC  smoke  canisters,  each  group  arranged  to  simulate  a  dynamically  fired  155nm  M1168E  projectile 
(Figure  2),  were  utilized. 

Test  Objectives.  The  objectives  of  the  KWIK  Phase  I  evaluation  test  were: 

a.  To  provide  an  evaluation  of  the  KWIK  smoke  model  by  correlating  model  predictions  of  obscura¬ 
tion  effectiveness  with  empirical  (observer)  data. 

b.  To  collect  meteorological,  photographic  and  observer  data  In  order  to  characterize  the  meteo¬ 
rological,  environmental  and  smoke  plume  behavior  for  each  trial. 

c.  To  compare  and  evaluate  smoke  munition  expenditure  calculations  of  the  KWIK  model  with  those 
obtained  by  the  current  method  used  by  the  field  army  [7,  8,  9j. 

Meteorological  limitations.  No  limitations  were  placed  on  cloud  cover,  ambient  temperature  and 
relative  humidity.  Wind  directions  were  limited  to  135°  +  45°  or  315°  +  45°  (SE  or  NW  winds).  Desired 
wind  speed  range  was  set  at  5-17  knots,  however,  during  last  day  of  the  trials  winds  greater  than  17 
knots  were  encountered.  After  reviewing  Initial  results  It  was  decided  to  continue  screening  under 
these  high  wind  conditions  (see  report  by  Cohn  [10]).  Atmospheric  stability  categories  desired  for 
the  trials  were  B,  C,  D,  and  E. 

Data  Requirements.  The  main  data  requirements  consisted  of  meteorological,  photographic  and  visual 
observational  data. 


Meteorological  data  were  measured  at  the  test  site  from  three  different  towers  (Figure  1).  Two 
10-meter  towers  were  located  at  the  southeast  and  northwest  ends  of  the  grid,  respectively,  and  a 
32-meter  tower  was  located  on  the  northeast  side  of  the  grid  next  to  the  observation  post.  Wind  speed 
and  direction  were  measured  on  all  three  towers  at  2,  10,  16,  and  32  meters.  Temperature  was  measured 
at  all  four  levels  of  the  32-meter  tower  and  at  the  2-meter  level  of  the  10-meter  towers.  Oew  point 
temperature  was  measured  only  at  the  2-meter  level  on  all  meteorological  towers. 
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The  photographic  coverage  provided  during  the  trials  consisted  of  three  16mm  col  '  motion  picture 
cameras  located  as  shown  on  Figure  1.  The  two  side  cameras  were  zoomed  In  on  the  target  area  during 
all  trials  and  the  center  camera  covered  the  width  of  the  screening  area,  Including  smoke  sources 
and  target  area,  for  all  trials  for  the  duration  of  the  cloud  passage. 

Color  still  photographs  were  taken  every  30  seconds  during  each  trial  with  a  35mm  camera  located 
near  the  area  of  the  observation  post.  Also,  television  coverage  of  the  targets  (taken  from  behind  the 
target  area)  for  all  trials,  and  for  the  duration  of  the  cloud  passage,  was  recorded  on  video  tope. 

Visible  smoke  obscuration  assessme*  were  made  from  the  observation  post.  Each  observer  (with 
binoculars)  was  situated  In  a  booth  and  had  unrestricted  view  of  the  target  area.  Separate  booths 
prevented  comnunl cation  between  the  observes.  Each  of  three  observers  was  assigned  one  of  the  three 
targets;  the  fourth  observer  was  assigned  :ree  targets.  The  first  three  observers  activated  a 

recording  device  when  their  assigned  target  was  visible.  The  fourth  observer  activated  a  recording 
device  when  one  or  more  targets  were  visible.  The  signals  from  each  observer  were  recorded  on  magnetic 
tape. 


Smoke  Impact  Area.  This  area  Included  the  screening  area  plus  30m  to  the  southeast  and  to  the 
northwest  of  the  screening  area  for  a  total  pf  560m  (Figure  1).  The  required  HC  smoke  canisters  for 
each  test  were  placed  on  lines  a,  b,  and  c  (Figure  2)  along  the  115-meter  length.  The  munitions  along 
each  selected  "a"  line  were  Ignited  simultaneously  while  the  Ignition  of  the  "b"  and  ”c"  lines  occurred 
respectively  after  an  Interval  of  2  minutes.  Each  line  contained  one  M2  and  three  Ml  smoke  canisters 
placed  lengthwise  In  a  southwest  -  northeast  direction.  This  arrangement  was  used  to  simulate  the 
dispersion  pattern  of  dynamically  fired  155mm  HC  rounds. 

KW1K  Calculations.  An  HP9825  desktop  calculator,  located  at  the  commend  post,  was  used  to  perform 
the  KWIK  smoko  model  munition  expenditure  calculations.  Using  the  meteorological  and  site  data  from 
the  test  grid  prior  to  each  trial  as  Input  to  the  model,  wt.Cbtalned  outputs  Illustrated  by 
Figure  3  (sample  calculations  from  Trial  No.  12). 

The  munition  spacing  was  approximated  to  the  nearest  35  meters  In  relation  to  the  HC  canister 
array  described  above.  The  Initial  volley  was  then  detonated  from  the  selected  "a"  lines  and  the  sus¬ 
taining  volleys  from  the  selected  V  and  "c"  lines  according  to  the  KWIK  calculations. 
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The  evaluation  of  the  data  was  parformad  In  two  parti.  Tha  flrit  was  the  obscuration  assessment 
batad  on  tha  target  obiarvatlon  data,  and  tha  tacond  part  tha  munition  axpandltura  astattmant  comparing 
tha  ratulti  of  tha  KWIK  calculations  with  thosa  obtalnad  utilizing  tha  currant  Flald  Manual  (FM  6-40*5) 
and  rafarancas  [7,  8].  Both  of  thasa  assaismants  wart  divided  Into  thraa  groups  according  to  wind  spetd 
regimes .  Group  1  contained  trials  conducted  under  2. 3-2.8  m/s  winds,  Group  2,  3.3  •  S.8  m/s  and 
Group  3,  6.0  -  6.8  m/s  winds. 

Obscuration  Assessment.  Photographic  data  from  each  trial  were  used  to  verify  tha  targat  observer 
assessment  data.  Tha  latter  was  plotted  as  a  function  of  time  as  shown  In  Figure  4,  which  Is  an  assess¬ 
ment  of  Trial  12.  These  data  ware  then  ta;.:ated,  as  shown  In  Table  1,  for  Group  1,  2,  and  3.  In 
Figure  4,  for  example,  the  smote  screen  buildup  time  for  tha  tank  target  was  recorded  as  18  seconds ,  but 
for  tha  jeep  and  tha  moving  targets  this  time  could  not  be  determined  precisely  because  these  targets 
ware  not  scheduled  to  be  In  tha  lino  of  sight  at  T0<  Table  1  also  shows  the  total  time  each  targat  was 
observed  as  compared  to  the  time  the  target  was  scheduled  to  be  In  the  field  of  view.  In  tha  case  of 
the  fourth  observer  (labeled  "All"),  the  table  shows  the  total  time  he  viewed  any  of  the  targets  as 
compared  to  the  maximum  time  any  target  was  scheduled  to  be  visible.  From  this  assessment,  the  percen¬ 
tage  of  obscuration  was  obtained. 

Munition  Expenditure  Assessment.  For  each  wind  regime  or  group,  Table  2  shows  the  number  of  rounds 
KWIK  predicted  would  obscure  the  entire  800  meters  for  six  minutes.  The  corresponding  number  of  muni¬ 
tions  obtalnad  from  tha  currant  Flald  Manual  mathed  are  also  shown  for  each  trial.  The  percentage 
gain  or  loss  for  each  trial  In  munition  expenditures  by  tha  KWIK  nodal  are  shown  as  well  as  the  wind 
direction  in  relation  to  the  line  of  sight.  For  each  group,  the  net  gain  or  loss  is  also  Indicated. 

In  the  case  of  Trial  No.  12  (Figure  4)  both  the  KWIK  model  and  the  Field  Manual  predicted  a  total  of 
18  munitions  to  obscure  the  optical  path  during  quartern ng/haed  wind  conditions, 

For  the  purpose  of  this  paper,  only  eighteen  trials  wara  evaluated.  Of  thasa,  Trials  14  4nd  16 
are  not  Included  In  group  1  of  tha  munition  expenditure  assessments  because  the  wind  speeds  ware 
below  2  m/s  and  could  not  be  evaluated  with  the  Field  Manual  method.  Tha  first  four  trials  of 
KWIK  Phase  I,  which  were  conducted  during  July,  are  also  excluded  due  to  light  and  variable  wind  condi¬ 
tions  and  lack  of  observation  assessment  data.  Evaluation  of  Trials  23  through  30  are  Included 
In  the  paper  by  S,  L,  Cohn  (10). 
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5.  CONCLUSIONS 

The  munition  expenditure  assessment  (Table  2)  for  Group  1  (unstable  casei)  shows  the  KWIK  predic¬ 
tions  with  a  net  loss  In  munition  expenditures  of  9.3*.  In  Trials  11  and  18,  KWIK  predicted  the  same 
number  of  munitions  as  the  Field  Manual  but  In  Trial  13  KWIK  predicted  IS  rounds  while  the  FM  called 
for  only  12.  Taking  a  close  look  at  the  wind  data  for  Trials  13  and  17  we  find  that  the  wind  speed  and 
direction  were  quite  variable.  During  Trial  13,  for  example,  wind  direction  for  the  test  grid  varied 
between  130  and  335  degrees  and  wind  spaed  ranged  between  0.5  and  6.0  m/s,  Another  factor  to  be  con¬ 
sidered  Is  the  manner  In  which  the  atmospheric  stability  Is  determined  by  the  Field  Manual.  It  Includes 
all  stabilities  Into  three  categories:  Ideal  (Inversion),  favorable  (neutral)  and  marginal  (lapse) 

[7,  8,  9].  These  categories  ara  based  only  on  wind  speed,  sky  cover  and  time  of  day.  KWIK  utilizes 
a  more  precise  method  [1]  of  calculating  solar  radiation.  Using  the  FM  method.  Trial  13  Is  considered 
''neutral",  where  the  KWIK  calculations  determined  It  to  be  "slightly  unstable"  or  "C"  category. 

The  obscuration  assessment  for  Group  1  shows  a  mean  obscuration  of  64*  for  six  trials  under  unstabl 
to  neutral  stability  conditions.  Two  of  these  trials  were  under  14*  but  four  were  over  80*  obscuration. 
Because  of  the  marginal  wind  conditions  under  which  these  trials  were  conducted,  the  KWIK  obscuration 
assessments  of  Group  1  are  considered  good. 

For  Group  2  (Table  2),  the  munition  expenditure  assessments  for  six  trials  under  neutral  conditions 
show  a  net  gain,  or  savings,  In  munition  expenditures,  over  the  FM  of  4.5*.  On  three  cases,  KWIK 
calculated  lets  munitions  than  the  FM,  another  two  produced  ths  tame  number  and  one  trial  calculated 
one  round  more  than  the  Field  Manual.  The  obscuration  assessment  data  for  this  group  (Table  1) 

Indicate  KWIK  predicted  obscuration  95*  of  the  time  during  six  trials.  These  assessments  ranged  from 
76  to  100*.  Trials  5  through  8  demonstrate  the  consistency  of  KWIK  munition  expenditures  under  very 
similar  meteorological  conditions,  at  shown  In  Table  2,  In  the  cate  of  Interpreting  the  FM  tablet  for 
these  same  trials,  a  variety  of  expenditure  values  Is  obtained  due  to  Interpolations  for  wind  speed 
and  direction. 


Group  3  represents  neutral  to  stable  conditions  where  smoke  screening  Is  considered  near  Ideal. 
In  this  stability  regime,  the  KWIK  model  predicted  a  10.2*  savings  In  munition  expenditure  over  the 
current  Field  Manual  method.  The  obscuration  assessment  resulted  In  99.8*  successful  screening,  The 
difference,  In  part,  between  KWIK  and  the  Field  Manual  results  for  Trial  19  Is  that  KWIK  calculated 
an  E,  or  stable,  category  as  compared  to  a  neutral  regime  determined  by  using  the  FM  tables, 
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In  sumnary,  the  KVIIK  Phase  I  evaluation  test  had  an  overall  86%  success  In  providing  effective 
smoke  screens.  Also,  comparisons  with  the  Field  Manual  method  showed  KWIK  obtained  a  net  savings  in 
munitions  of  3.2*  (only  for  18  trials  considered  here)  over  the  current  method.  It  is  also  pointed  out 
that  the  current  Field  Manual  method  does  not  take  into  account  certain  factors  such  as  relative 
humidity.  The  FM  also  assumes  a  100*  munition  efficiency  for  HC  smoke  where  KWIK  uses  40*  based  on 
reference  [11]. 

The  success  of  KWIK  Phase  I  Is  of  great  encouragement,  but  further  evaluation  will  be  pursued  In 
Phase  II  and  III. 
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FIGURE  1.  TEST  GRID  FOR  KWIK  SMOKE  TESTS  PHASE  I  OPG,  UTAH 
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FIGURE  2.  CENTER  PORTION  OF  HC  ARRAY  AT  SMOKE  IMPACT  AREA  (SETS  8-10). 
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MUNITION  EXPENDITURES 
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SMOKE 
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TESTS 

ID 

OPG 

LATITUOE 

DEG 

N  40.2 

LONGITUDE 

OEC 
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KM 
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JULIAN  DATE 

DAY 
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ZULU  TIME 

HR 

21 

CEILING 
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7620  0 

CLOUD  COVER 

S' 

10 

VISIBILITY 

KM 

48.3 

PRECIPITATION 

NO 

TEMPERTURE 

DEG 
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OEG 
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WIND  DIRECTION 

DEG 

188  0 

HIND  SPEED 
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RELATIVE  HUMIDITY  17.9 
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FIGURE  3.  KWIK  OUTPUT  FOR  TRIAL  12. 
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DATE:  15  SEP  80 
To:  20508 
WS:  3.3  m/sec 
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FIGURE  4.  TARGET  OBSERVER  ASSESSMENT .  KWIK  I  TEST 
TRIAL  NO.  12  DPG,  UTAH 
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TABLE  1.  OBSCURATION  ASSESSMENT  -  KUIK  PHASE  I,  DPG 
GROUP  2  (NEUTRAL) 


TRIAL  NO.  5 


SCREEN 

TARGET 

TARGET 

BUILDUP 

SCHEDULE 

OBSERVED 

TARGET 

(MI N : SEC ) 

(MIN:  SEC. ) 

(MIN:SEC) 

OBSCURATION 

Tank  (T) 

* 

4:30 

0:00 

100 

Jeep  (J) 

★ 

2:30 

0:12 

92 

Moving  (M) 

1:12 

5:00 

0:12 

100 

All  (A) 

* 

5:00 

0:15 

99 

MEAN 

98 

TRIAL  NO.  6 

T 

2:00 

3:00 

2:00 

100 

J 

2:00 

5:00 

1:18 

93 

M 

1 :40 

3:00 

1:40 

100 

A 

2:00 

5:00 

2:00 

100 

MEAN 

98 

TRIAL  NO.  7 

T 

* 

2:30 

0:00 

100 

J 

1  : 00 

4:00 

1:15 

92 

M 

★ 

5:00 

0:00 

100 

A 

1:00 

6:00 

1:00 

100 

MEAN 

98 

TRIAL  NO.  3 

T 

* 

2:00 

0:00 

100 

J 

<  1:00 

5:00 

0:00 

100 

M 

0:30 

6:00 

0:30 

100 

A 

0:30 

6:00 

0:18 

100 

MEAN 

100 

TRIAL  NO.  12 

T 

0:18 

3:00 

0:18 

ICO 

J 

<  1:00 

5:00 

0:15 

95 

M 

* 

3:00 

0:15 

92 

A 

0:18 

6:00 

0:18 

100 

MEAN 

97 

TRIAL  NO.  15 

T 

0:45 

6:00 

0:45 

100 

J 

1:30 

6:00 

3:30 

56 

M 

2:00 

6:00 

2:15 

93 

A 

1:48 

6:00 

3:45 

54 

MEAN 

76 

♦Buildup  time 

Incomplete  or 

undetermined 
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TA8LE  2. 

MUNITION  EXPENDITURE  ASSESSMENT  - 

KWIK  PHASE  I 

GROUP  1  (UNSTABLE)  2. 3-2. 8  M/S 

TEST  NO. 

KWIK 

FIELD  MANUAL 

GAIN/LOSS 

WIND 

11 

12 

12 

0 

QTR/HEAD 

13 

15 

12 

-25 

VARIABLE 

17 

9 

8 

-12 

VARIABLE 

18 

10 

10 

0 

CROSS/QTR 

NET  LOSS 

-  9  3 

GROUP  2  (NEUTRAL) 

3. 3-5.8  M/S 

5 

9 

11 

18 

QUARTERING 

6 

9 

9 

0 

QTR/CROSS 

7 

9 

8 

-12 

QTR/CROSS 

8 

9 

10 

10 

CROSS/QTR 

12 

18 

18 

0 

QTR/HEAD 

15 

8 

9 

11 

QUARTERING 

NET  GAIN 

4.5 

GROUP  3  (NEUTRAL  TO  STABLE)  6. 0-6.8  M/5 

9 

18 

17 

-  6 

QTR/HEAD 

10 

27 

29 

7 

QUARTERING 

19* 

7 

12 

42 

CROSS/QTR 

20 

12 

11 

-  9 

CROSS/QTR 

21 

9 

10 

10 

CROSS/QTR 

22 

12 

14 

17 

CROSS/QTR 

NET  GAIN  10.2 
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COMPARISONS  BETWEEN  THE  UPGRADED  MODEL  ACT  II  AND  RECENT  SMOKE  WEEK  TESTS 


Robert  A.  Sutherland 
Atmospheric  Sciences  Laboratory 
USA  Electronics  Research  and  Development  Coimtand 
White  Sands  Missile  Range,  New  Mexico  88002 


ABSTRACT 

Results  of  comparisons  between  the  field  experiments  of  Smoke  Week  II  and  the  performance  of  an 
upgraded  smoke  obscuration  model  ACT  II  are  presented.  The  results  Include  comparisons  of  both  path 
Integrated  obscurant  concentration  (CL)  derived  from  transmission  data  and  directly  measured  path 
radiance  (brightness)  data.  The  comparisons  Include  two  trials  for  white  phosphorus  (WP),  hexachloro- 
ethane  (HC)  and  fog  oil  (FO)  obscurants. 


1.  INTRODUCTION 

In  recent  years  the  Army  electro-optical  community  has  become  concerned  with  the  problem  of 
accurately  modeling  the  effects  of  smoke  obscuration  in  realistic  battlefield  environments.  This  has 
lead  to  a  large  inventory  of  smoke  obscuration  models  (Sutherland,  et  al.,  1981)  but  a  relatively 
large  dearth  remains  of  studies  comparing  model  results  with  actual  field  data.  Although  some  models 
are  reasonably  accurate  in  modeling  transmission  or  direct  radiation  (Hoock,  et  al.,  1981)  none  have 
been  demonstrated  to  be  valid  for  the  more  difficult  problem  of  modeling  the  diffuse  or  "path"  radiance 
(Figure  1)  which  Is  required  for  the  computation  of  contrast  transmission. 

The  often  overriding  significance  of  the  diffuse  radiation  (and  contrast)  in  the  real  world  is 
often  obvious  from  casual  observations  such  as  the  apparent  disappearance  of  stars  In  the  daytime  or 
by  the  interference  caused  by  headlight  backscatter  In  fog- 

The  connection  between  these  occurrences  and  those  which  will  certainly  be  experienced  by 
electro-optical  devices  (Including  the  eye-brain)  In  the  smoked  battlefield  is  Immediately  obvious, 
demonstrating  tne  significance  of  the  problem  to  the  military  mission  and  subsequently  the  need  for 
accuracy  and  validation  In  models  describing  the  phenomenon. 

In  the  latter  respect  the  modeling  community  Is  fortunate  In  that  a  large  block  of  path  radiance 
data  does  exist  from  the  series  of  tests  conducted  by  the  U.S.  Army  and  often  referred  to  as 
"Smoke  Weeks." 

Historically  the  problem  of  path  radiance  and  Its  significance  to  visible  perception  has  been 
recognized  by  the  Army  modeling  community  for  several  years.  As  early  as  1972  an  unpublished  manuscript 
described  a  smoke  obscuration  model  SOM  which  was  reported  to  compute  visible  contrast  and  was  later 
accepted  as  the  Joint  Technical  Coordinating  Group  for  Munitions  Effectiveness  (JTCG/ME)  working  model. 
This  early  model  was  expanded  by  at  least  two  groups,  nne  leading  to  the  development  of  the  model  SOM  II 
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(JTCG/ME  SAWG  Document,  1979),  and  another  to  ASLSOM  which  was  further  modified  to  become  the  ACT*  model 
(Gomez,  et  al.,  1979)  which  is  the  direct  forerunner  of  the  present  model,  hence  the  acronym  ACT  II. 

The  major  purpose  of  this  paper  is  to  present  the  results  of  comparisons  between  the  ACT  II  model 
and  measurements  conducted  during  Smoke  Week  II.  Details  of  both  the  model  (Sutherland  and  Hoock,  1981) 
and  the  data  (Dugway  Proving  Ground  Report,  1978)  can  be  found  elsewhere.  This  paper  contains  brief 
descriptions  of  both  elucidating  salient  features  relevant  to  the  interpretation  of  the  results. 

2.  THE  MODEL 

Simply  viewed  the  major  computational  objective  of  the  model  is  to  describe  the  propagation  of 
radiant  energy  along  a  given  line  of  sight  described  by  the  position  of  a  target  (rQ)  and  an  observer 
(r)  as  sketched  in  Figure  1.  Mathematically  the  problem  is  approached  by  applying  the  following 
formal  solution  to  the  radiative  transfer  equation  (Chandrasekhar,  1960): 

R(r)  *  R(ro)e'ti(r>ro)  +  ; 

0 

where  the  optical  depth  (u)  is  in  general  a  function  of  the  obscurant  mass  extinction  coefficient  (a) 
and  obscurant  concentration  (C(r'))  in  accordance  with  the  following  definition: 

m( n,r' )  =  fr,  aC(r )dr  (2) 

which  for  constant  a  as  assumed  In  the  model  reduces  to  the  more  conenonly  referred  product  aCL  where 
CL  is  the  path  Integrate  obscurant  concentration. 

The  first  term  on  the  right  side  of  Equation  (1)  is  simply  the  direct  radiation  mentioned  In  the 
introduction.  The  term(s)  inside  the  Integral  represent  the  diffuse  or  "path"  radiance  which  accounts 
for  both  scattering  into  the  line  of  sight  via  the  "source”  function  (J(e,0))  and  for  (thermal) 
emission  via  the  "Blackbody"  function  ( B( x ,T )) where  e,0  are  the  zenith-azimuth  directions  of  the 
target-observer  line  of  sight,  \  Is  the  wavelength  and  T  Is  the  obscurant  temperature. 

For  visible  wavelengths  the  major  computational  load  of  the  model  Is  the  determination  of  the 
source  function  which  except  for  trival  cases  cannot  be  computed  analytically,  leaving  the  modeler  to 
devise  some  acceptable  approximating  scheme.  The  method  used  In  the  model  Is  a  variant  of  the  single 
scattering  approximation  wherein  the  source  function  is  assumed  comprised  of  appropriately  weighted 
contributions  from  all  directions  (sun,  sky,  terrain,  etc.)  over  the  entire  environmental  sphere.  That 
is: 


*The  acronym  ACT  derives  from  the  developing  agencies  Atmospheric  Sciences  Laboratory,  Chemical 
Systems  Laboratory  and  TRASANA. 


[J(6,$)  +  (l-Co)B(\,T)]e*^r*r  '  dr' 
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J(e ,<t>)  *  P(0S)  L  (9',0')e  ’li(r,rs)d fi' 


where  1(6', 0')  is  the  ambient  radiance  from  the  direction  (6',0‘)  which  is  known  (in  part)  from 
measurements  in  the  Smoke  Week  data  base  and  6$  is  the  scattering  angle  computed  geometrically  from 
the  direction  angles  (6,(9;  6 ' ,0* ) •  In  Equation  (3)  r$  is  the  distance  to  the  particular  source 
assumed  Infinity  (actually  10,000  meters)  for  sky  sectors  and  appropriately  calculated  for  terrain 
sectors.  The  phase  function  P( ©s )  Is  an  intrinsic  property  of  the  scattering  medium  which  can  be 
computed  theoretically  for  Inventory  smokes  (Shirkey,  et  al.,  1980a)  and  are  tabulated  elsewhere 
(Shlrkey,  et  al.,  1980b).  The  phase  function  and  single  scattering  albedo  (wQ)  are  related  by  the 
following  normalization  convention: 


p(es)dft 


For  Inventory  smokes  in  visible  scenarios  the  emission  term  of  Equation  (1)  can  be  neglected. 

The  reason  for  this  is  twofold,  the  first  being  that  the  Blackbody  function  Is  Insignificant  at 
visible  wavelengths  for  any  realistic  obscurant  temperature  and  the  other  being  that  the  single 
scattering  albedo  Is  near  unity  (hence  1  -  ~  0).  Thus  thermal  emission  can  be  safely  ignored  in 

the  validation  studies  to  follow.  It  is  instructive  to  note  however  that  for  Infrared  scenarios  the 
sense  of  the  above  conclusions  are  reversed  because  In  the  Infrared  for  Inventory  smokes  u  ~  0 
(Sutherland  and  Shlrkey,  1980)  and  hence  according  to  Equations  (3)  and  (4)  the  source  function 
approaches  zero  so  that  in  the  infrared  the  source  function  becomes  negligible  and  the  emission  term 
dominates.  This  Is  a  major  physical  difference  between  modeling  the  visible  and  the  Infrared.  The 
model  as  now  developed  does  treat  the  Infrared,  however,  data  comparable  to  that  of  the  Smoke  Weeks 
is  as  yet  not  available  for  validation  studies.  This  Is  however  an  area  of  continued  research  in 
both  modeling  and  In  testing. (Smoke  Week  III  reports  measurements  in  the  Infrared  but  results  are  not 
yet  available. ) 

F  r  the  special  case  of  computing  R(rQ),  the  radiance  at  the  target  (or  background)  surface, 
the  procedure  is  straightforward  under  the  assumption  of  a  Lambertian  reflecting  surface.  That  is: 


R(ro)  =  t-  I  L(C-,,0,)Cos(es)e^{r,rs)dQ' 

where  (a)  Is  the  surface  reflectivity  or  "albedo"  and  es  In  this  case  is  the  reflection  angle 
referenced  to  the  outward  normal  to  the  surface. 

A  similar  expression  excluding  the  factor  a/w  is  used  to  compute  the  (smoke  free)  surface 


irradiance: 
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In  both  Equations  (5)  and  (6)  note  that  the  Integration  Is  carried  out  only  over  the  forward 
hemisphere  In  order  to  avoid  contributions  from  the  rear  or  below  the  surface. 

An  aspect  of  the  problem  which  causes  major  complexity  Is  the  fact  that  the  entire  environmental 
sphere  must  be  considered  In  computing  scattered  and  reflected  radiation.  This  Is  especially  complex 
for  path  radiance  computations  since  a  further  Integration  Is  required  along  the  line  of  sight  from 
the  target  to  the  observer.  The  approach  taken  In  the  model  Is  to  divide  the  sky  and  terrain 
hemispheres  Into  discrete  angular  sectors  of  equal  solid  angle  and  then  to  carry  out  the  Integrations 
numerically.  The  effect  of  surface  albedo  Is  accounted  for  by  assuming  a  uniform  radiance  of  magnitude 
(a  Esfc/rt)  for  each  terrain  sector.  The  model  nominally  requires  32  sectors  for  each  hemisphere. 
Parallel  point  sources  such  as  the  sun  or  moon  are  then  superimposed  at  the  appropriate  angular 
locations. 

3.  THE  DATA  (SMOKE  WEEK  II) 

The  Smoke  Week  II  tests  were  conducted  In  November  1978  at  Eglln  Air  Force  Base,  Florida,  during 
conditions  of  general  fair  weather  with  varied  degrees  of  cloud  cover.  Simultaneous  meteorological 
and  (smoke)  cloud  data  were  obtained  for  sixteen  separate  trials,  six  of  which  were  selected  for 
detailed  comparisons  between  model  and  data. 

Although  the  major  purpose  of  the  tests  was  to  assess  electro-optical  sensor  performance.  It  Is 
significant  to  the  modeling  conwunlty  that  the  data  base  also  contains  detailed  radiation  measurements 
of  sun  and  sky  plus  (smoke)  cloud  path  radiance  measurements  In  the  visible.  Certain  Instrumental 
difficulties  rendered  similar  Infrared  measurements  unusable. 

In  this  section  certain  points  concerning  the  trials  will  be  elucidated  which  are  relevant  to 
the  Interpretation  of  the  model-data  comparisons  to  follow.  A  more  detailed  description  of  the  trials 
can  be  found  elsewhere  (Dugway  Proving  Ground  Report,  1978). 

Figure  2  Is  a  sketch  of  the  general  geometrical  configuration  used  In  the  trials.  Usually  the 
munitions  are  detonated  at  some  distance  (-75-100  meters)  upwind  from  a  rrosswlnd  line  of  sight 
described  by  the  target  and  observer  locations  In  Figure  2. 

The  Immediate  concern  of  this  study  Is  with  simultaneous  path  radiance  (actually  photometric 
brightness,  see  later)  and  path  Integrated  concentration  (CL)  along  (nearly)  parallel  lines  of  sight. 
The  CL  data  are  actually  obtained  by  backcalculatlng  transmission  obtained  at  a  wavelength  of  3.4 
micrometers.  A  discussion  of  possible  Inconsistencies  In  obtaining  CL  In  this  manner  rather  than  by 
direct  chemical  measurement  Is  given  elsewhere  (Hoock,  1980). 
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Radiance  measurements  were  performed,  for  each  event,  by  first  aligning  the  photometer 
sequentially  on  a  series  of  three  targets;  a  white  painted  panel,  an  olive  drab  (00)  painted  panel, 

and  the  natural  background  described  as  brown  and  green  with  trees  and  short  vegetation.  During  the 
event  the  photometer  Is  aligned  to  c  r  f.r.k  cavity  providing  a  background  of  essentially  zero  for 
visible  radiation  so  that  path  radiance  s  the  di  ectly  measured  quantity. 

It  Is  significant  for  some  purposes  to  note  that  although  the  path  radiance  and  CL  measurements 
are  simultaneous,  the  lines  of  sight  are  displaced  by  approximately  six  meters  with  the  path  radiance 
line  to  the  south  (Figure  2). 

During  (or  slightly  before  or  after)  each  trial  measurements  were  also  obtained  at  equally 

spaced  angular  locations  over  the  sky  hemisphere  (37  measurements  altogether).  In  using  the  Smoke 

Week  data  It  is  essential  to  realize  that  the  unreduced  sky  radiance  data  refer  to  a  field  of  view  of 

1°  requiring  conversion  to  a  unit  steradlan  for  Input  to  the  model.  The  data  may  require  further 

multiplication  by  a  factor  of  it  (however;  .the  model  as  now  coded  uses  these  data  In  a  relative  sense 

normalizing  to  the  measured  surface  Irradlance  via  Equation  (6)). 

Some  caution  Is  required  In  directly  comparing  model  and  data  because  although  the  sky  radiance 

2 

data  Is  assumed  as  standard  radiometric  (Watt/m  .sr)  as  required  by  the  model  the  cloud  brightness 
measurements  are  photoplc.  This  requires  a  conversion  assuming  the  response  function  for  photoplc 
vision  (Stlmsort,  1 974 )  which  Is  approximated  as: 

"■*<>««’  [-  K^)1  i7> 

where 

Rq  *  673  lumen/watt 

X  *0.56  micrometers 
o  *  0.043  micrometers 

This  response  function  Is  then  Integrated  over  all  wavelengths  to  yield  the  following  conversion 
constant: 

E(Lumens)  ■  (2n)^  o  Rq  E(Watt)  (8) 

This  conversion  Itself  could  Introduce  some  error  due  to  departures  of  the  underlying  spectrum. 
For  atmospheric  work  however,  the  error  Is  usually  slight  since  the  solar  spectrum  closely  approximates 
that  defining  the  lumen  (a  blackbody  at  the  melting  point  of  platinum).  Although  some  error  Is 
certainly  Introduced  due  to  the  ambient  (olue)  sky. 

Some  other  definitions  useful  In  making  the  radlometrlc-photoplc  conversion  are  (Slmson,  1974): 

1  Candle  *  1  lumen/sr 

1  Footcandle  *  1  lumen/ft2  (9) 

1  Footlambert  ■  (1/r)  candle/ft^ 
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Table  I  lists  other  meteorological  Inputs  measured  during  the  test  which  are  required  as  Inputs 
for  the  model,  mainly  for  the  transport  and  diffusion  portion  described  In  detail  elsewhere 
(Sutherland  and  Hoock,  1981). 

TABLE  I:  METEOROLOGICAL  INPUTS  TO  THE  MODEL  FROM  SMOKE  WEEK  II  DATA  BASE 


------ 

1 

17 

— mar — 

8  24 

16 

21 

8M  Wind  Speed  (M/S) 

4.1 

3.2 

2.4 

4.0 

5.7 

3.8 

8M  Wind  Direction 

116.3  ; 1 41 . 0 

144.4 

-  - 

125.9 

142.2 

134.1 

Power  Law  Exponent  1 

0.11 

0.10 

0.06 

0.10 

0.06 

0.10 

1M  Air  Temperature  (°C) 

23.6 

24.4 

24.7 

25.0 

24.7 

24.4 

Gradient  (°C/M) 

-3.36 

-0.27 

-0.23 

-0.40 

-0.23 

-0.27 

Mixing  Height  (M)1 

400. 

800. 

400. 

200. 

200. 

200. 

Temperature  (Mix.  Hgt.  ,°C)2 

** 

*# 

•  * 

*« 

** 

** 

Stability  Category 

C 

8 

C 

D 

C 

B 

Relative  Humidity  (*) 

52 

48 

52 

71 

52 

48 

Dew  Point  Temperature  (°C)2 

** 

** 

** 

** 

++ 

•  * 

Surface  Irrad1ance(Ly/M1n)* 

0.82 

0.72 

0.59 

0.82 

0.47 

0.65 

Surface  Temperature  (°C)1 

24.0 

24.4 

24.9 

25.4 

25.1 

23.6 

Surface  Reflectivity1 

0.25 

0.25 

0.25 

0.25 

0.25  i  0.25 

Surface  Roughness"1 

0 

0 

0 

0 

0 

0 

Reflection  Coefficient3 

1 

1 

1 

1 

1 

1 

*  Ly/Mln  •  697  Watt/M2 

1  Estimated  from  available  data 

2  Optional  input  (not  needed  If  other  data  given) 

3  Default  options  employed 

4.  RESULTS 

Table  II  summarizes  the  results  of  the  measured  and  modeled  Initial  (smoko  free)  conditions  for 
the  six  trials  studied,  It  Is  of  some  significance  to  note  the  clear  agreement  between  the 
measured  and  modeled  surface  Irradlance.  This  Is  not  particularly  surprising  since  the  modi’! 
essentially  normalizes  the  measured  sky  radiances  from  a  priori  knowledge  of  the  measured  surface 
Irradlance.  The  results  here  simply  demonstrate  that  the  numerical  computations  are  performed  with 
satisfactory  precision.  Earlier  the  model  used  the  data  In  an  absolute  sense  which  led  to  errors 
on  the  order  of  three.  This  was  assumed  due  to  sharp  variations  In  sky  radiance  which  might  occur 
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In  the  real  world.  Subsequent  Investigations  however  have  shown  an  unusual  persistence  Indicating 
perhaps  a  systematic  error  In  the  sky  radiance  data.  It  Is  possible  that  the  "error"  here  may  be 
due  to  some  confusion  over  the  system  of  mixed  units  of  the  Smoke  Week  data  base.  In  any  case  the 
method  of  the  model  now  essentially  circumvents  errors  due  to  such  misunderstandings. 

Table  II  further  demonstrates  good  agreement  with  the  olive  drab  target  radiance  which  also  holds 
(not  shown)  for  both  the  white  target  and  background.  The  reflectivities  were  estimated  from  the 
a  posteriori  data  by  assuming  the  white  target  to  be  100%  reflective.  This  yielded  a  value  of  0.26 
for  the  background  and  0.24  for  the  00  target,  thus  both  were  assigned  the  nominal  value  of  0.25  for 
all  trials.  This  same  value  was  assumed  for  surface  albedo. 

TABLE  II:  SUMMARY  OF  RADIATION  MEASUREMENTS  MADE  DURING 
SMOKE  WEEK  II  FOR  TRIALS  USED  IN  THE  COMPARISON 


SOLAR 

SURFACE 

LUMINANCE  (Cd/MZ) 

TRIAL 

NO. 

DATE 

SMOKE  ZtNTTH 
TYPE 

AZIMUTH 

IRRADIANCE- 

(W/WZ) 

BKG 

TGT(WH) 

TGT(OD) 

1 

11/6/78 

HC 

51.5° 

151.9° 

572(562)* 

2295 

4111 

1507(1521)* 

17 

11/13/78 

HC 

52.9° 

212.0° 

502(496) 

1610 

14732 

2535(2664) 

08 

11/10/78 

WP 

59.4° 

221.2° 

411(415) 

1816 

16100 

2398(2444) 

24 

11/15/78 

WP 

49.8° 

168.9° 

572(591) 

1466 

5499 

1466(1828) 

16 

11/6/78 

FO 

63.7° 

229.5° 

328(325) 

1439 

16100 

2569(2326) 

21 

11/15/78 

FO 

53.5° 

154.3° 

453(468) 

2056 

5173 

1610(1347) 

*  Values  In  parentheses  Indicate  modeled  results. 


Table  III  sunmarlzes  the  results  of  measured  and  modeled  path  Integrated  concentrations  and 
path  luminance  for  six  cases  studied.  Generally  the  agreement  (-50-100%)  between  measured  and 
modeled  CL  product  Is  as  good  or  perhaps  superior  to  similar  transport  and  diffusion  models  (Hoock, 
et  al.,  1981). 

For  Trial  1  (Figure  3)  the  agreement  between  measured  and  modeled  path  radiance  Is  surprisingly 
good  considering  all  the  vagaries  of  the  real  world  which  usually  haunt  the  atmospheric  modeler  In 
an  adverse  way.  An  Interesting  feature  of  the  model  demonstrated  by  the  results  Is  the  Increased 
luminance  near  the  edge  of  the  cloud.  This  Is  a  real  effect  often  observed  In  nature  under  partly 
cloudy  sky  conditions  and  Is  the  origin  of  the  "silver  linings"  of  poetry  and  song,  although  no  such 
romanticism  has  previously  been  suggested  for  smoke  clouds.  A  closer  examination  of  the  data  may  or 

may  not  verify  the  existence  of  this  effect  to  the  reader  mainly  because  of  the  apparent  random 
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nature  of  the  measured  data.  A  discussion  of  the  significance  of  this  end  associated  features  of  the 
model,  to  electro-optical  sensor  performance  In  the  smoked  battlefield  1$  deferred  pending  further 
research. 

In  examining  the  remainder  of  Table  III  It  Is  clear  that  a  nominal  agreement  on  the  order  of  50  to 
1 00%  holds  with  the  possible  exception  of  Trials  24  and  21  where  the  model  appears  to  be  especially 
low.  The  reason  may  be  due  to  the  90%  cloud  cover,  however,  at  this  point  the  matter  Is  open  to 
speculation  but  will  be  more  fully  pursued  In  the  future. 

TABLE  III:  SUMMARY  OF  RESULTS  OF  MODEL  AND  DATA  COMPARISONS 
FOR  SIX  TRIALS  OF  SMOKE  WEEK  II.  CL  COMPARISONS 
REFER  TO  PEAK  VALUES;  PATH  LUMINANCE  RESULTS  ARE 
ESTIMATED  AVERAGES 


trial 

CLOUD 

SMOKE 

CL  (M2/GM) 

PATH 

LUMINANCE  (Cd/M^) 

NO. 

COVER 

TYPE 

DATA 

MODEL 

DATA 

MODEL 

01 

30% 

HC 

4.2 

3.6 

3000 

2500 

17 

0% 

HC 

16.0 

7.5 

3200 

2200 

08 

10% 

WP 

12.0 

13.9 

3500 

2500 

24 

90% 

WP 

20.5 

18.5 

6000 

1000 

16 

10% 

FO 

2.6 

2.1 

2800 

1800 

21 

90% 

FO 

1.6 

2.0 

4000 

1000 

5.  CONCLUSIONS 

In  surrmary  It  appears  that  the  model  performs  reasonably  well  for  realistic  comparisons  with 
test  data  although  the  modeled  radiances  may  be  systematically  low.  This  may  be  a  manifestation 
of  the  neglect  of  multiple  scattering  which  must  certainly  be  of  some  significance  for  the  situations 
modeled.  On  the  other  hand  the  model  does  appear  to  predict  qualitatively  features  of  the  overall 
behavior  of  smoke  clouds  In  a  reasonable  and  realistic  manner.  Further  research  Is  required  to 
examine  ana  assess  the  significance  of  both  model  and  test  results. 
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FIGURE  1 


SKETCH  DEMONSTRATING  EXTINCTION  (DIRECT  RADIATION)  AND  PATH  RADIANCE  (DIFFUSE  RADIATION). 


FIGURE  2.  SKETCH  OF  THE  SMOKE  WEEK  II  TEST  CONFIGURATION. 
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FIGURE  3a.  TRIAL  01  SMOKE  WEEK  II 

Raaulta  of  oonparUon*  of  path  1  ntogr-atad  oonotntnc 


FIGURE  3b.  TRIAL  01  SMOKE  WEEK  II 

Rooulto  of  •»i«pari«on*  far  path  brlghtnaa# 
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BATTLEFIELD  ENVIRONMENT  LASER  DESIGNATOR  WEAPON  SYSTEM 
SIMULATION  (BELDWSS)  TEST  AND  SIMULATION  RESULTS 

ROBERT  E.  ALONGI 
DR.  ROBERT  S.  TATES 
MISSILE  COMMAND 
REDSTONE  ARSENAL,  ALABAMA 

ABSTRACT 

'tory  at  Radatone  Arsenal,  Alabama  has  reoently  ooopleted  a  series 
of  modal  .  b.  .ic  ,t  Th'-ie  tests  inoludad  evaluation  of  the  laser  seai-aotlve 

HEt.LFIRE  .  jslle,  .j  Grounu  -ajar  Locator  Designator,  and  the  Avlonios  System  for  AH64,  TADS  (Target 
Acquisition  Designation  System).  These  evaluations  were  conducted  In  both  transient  CM  aerosols  and 
In  adverse  weather.  Performance  of  the  various  test  items  will  be  given  as  well  as  BELDWSS  results. 

A  description  of  the  range  test  facility  and  data  reduction  system  will  also  be  presented. 


1.  INTRODUCTION 


The  Battlefield  Environment  Laser  Designator  Weapons  System  Simulation  (BELDWSS)  is  a  digital 
simulation  program  comprised  of  a  union  of  three  major  elements: 
o  The  battlefield  environment 

o  The  refloated  laser  energy  signature  of  threat  vahloles 
o  The  designation/delivery  system  dynamics 

It  is  a  program  for  treating  system  level  problems  in  an  obscurant  environment.  This  is  or  pri¬ 
mary  benefit  to  developers  of  Electro-optloal  (EO)  weapon  systems.  The  program  includes  specialized 
tests  to  develop  and  validate  models  of  environments  and  subsystems.  Integration  of  models  into  an 
overall  weapon  system  simulation  and  weapon  system  performance  analysis,  as  illustrated  in  Figure  1. 
The  battlefield  environment  inoludes  transient  aerosols  (such  as  smoke  and  dust),  natural  aerosols 
(suoh  as  rain  and  fog),  human  faotors  affeoting  designation  system  performance,  taotloal  exercise 
maneuver  (red  and  blue  foroes),  electronic  warfare  effeots,  and  terraln/forest  masking. 

A  number  of  simulation  models  are  incorporated  within  the  BELDWSS  program.  One  of  these  is  the 
Target  Signature  Model  (T3M).  It  defines  the  laser  energy  refleotance  characteristics  of  threat 
vehioles.  Another  is  a  slx-degree-of-freedoo  delivery  system  model  coupled  with  a  Monte  Carlo  statis¬ 
tical  technique  to  determine  the  weapon  trajectory  and  impact  conditions.  BELDWSS  actually  simulates 
a  one  delivery  system  on  several  targets  engagement.  It  is  not  a  force-on-force  simulation  such  as 
CARMONETTE  which  calculates  exchange  ratios.  Rather,  BELDWSS  models  all  known  effects  in  the  engage¬ 
ment  of  targets  with  laser  semi-active  systems  in  a  battlefield  environment. 
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BELDWSS  determines  the  probability-of-hlt  (P^>  and  all  delivery  system  conditions  required  to 
determine  the  probability  of  attaining  a  kill  given  a  target  hit  (Pk/h)’  In  addition,  BELDWSS  pro¬ 
vides  the  capability  to  determine  target  availability,  conditions  along  the  line  of  sight  to  the  tar¬ 
get,  target  aspect,  target  range,  etc.  (See  Figure  2).  These  conditions  can  easily  be  used  for 
parametric  studies  of  other  electro-optical  or  radio  frequency  systems.  Many  engagement  scenarios 
can  be  accepted. 

The  BELDWSS  simulation  is  implemented  on  the  Laser  Designation  Battlefield  Obscuration  Simulator 
(LDBOS)  and  is  being  exercised  in  the  conduct  of  laser  semi-active  weapon  system  analysis  studies. 
Results  of  the  system  analysis  studies  are  used  to  relate  critical  performance  parameters  in  lieu  of 
using  high  cost  live  firings  to  obtain  performance  information.  Model  credibility  is  a  key  concern 
when  system  performance  is  determined  by  simulation  instead  of  live  missile  firings.  To  assess  model 
credibility,  extensive  validation  field  experiments  were  conducted  with  emphasis  placed  on  evaluating 
subsystem  hardware  anJ  obscurant  models  in  an  instrumented  battlefield  environment  containing  various 
realistic  levels  of  obscurants. 

The  validation  effort  has  continued  through  both  a  subsystem  and  a  system  level  field  experimen¬ 
tation  program.  Subsystem  tests  Included  system  hardware  such  as  designators  and  seekers,  transient 
aerosols  and  natural  or  steady  state  aerosols.  The  data  gathered  during  the  field  experiments  Is 
being  used  to  validate  the  models  in  BELDWSS.  System  level  validation  is  being  accomplished  through 
eight  live  firings  in  the  various  environments.  Currently,  seven  firings  have  been  successfully  con¬ 
ducted  to  accomplish  the  system  level  validation.  The  designation  systems  modeled  Include  both  air¬ 
borne  and  ground  systems.  The  preproduction  TADS  airborne  designation  system  has  also  been  extensively 
tested,  and  there  have  been  limited  RPV  and  mast  mounted  sight  parametric  studies  conducted  using 
specification  values.  Further,  the  ground  designators  (GLLD,  MULE  and  LTD)  have  been  modeled  with 
aupportlng  field  test  data.  The  TSM  has  been  validated  with  field  test  data  that  measure  the 
reflectance  characteristlca  of  two  threat  vehicles. 
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program. 

o  Phase  I  -  established  baseline  system  simulation  and  Initial 
problem  definition 

o  Phase  II  -  developed  appropriate  obscurant  models 
o  Phase  III  -  developed  subsystem  models  and  validated  models 
exercised  in  obscurant  environments 
o  Phase  IV  -  conducted  system  validation  firings  in  obscurants 

2.  VALIDATION  METHODOLOGY 

The  process  of  validation  consists  of  comparison  analyses.  The  results  of  field  experiments  are 
compared  with  predicted  results  generated  by  computer  simulation.  For  aerosols,  validation  is 
accomplished  by  establishing  the  degree  to  whioh  the  models  predict  transmittance,  baokscatter 
reflectance,  and  visibility.  Geometric  and  environmental  conditions  similar  to  the  field  tests  ini¬ 
tialize  the  model. 

The  criteria  to  be  used  in  determining  how  accurately  the  model  must  prediot  the  obscurant  charac¬ 
teristics  is  determined  by  performing  sensitivity  studies.  These  evaluate  the  obscurant  effect  on 
overall  weapon  system  performance.  The  predictive  performance  is  reviewed  and  evaluated  by  experts 
to  assess  degree  of  validity.  Figure  3  is  an  example  of  the  predictive  method  of  validation.  Models 
of  the  seeker  and  the  designation  system  are  also  validated  in  this  manner. 


Some  of  the  other  models  (the  operator  deoision  logic  and  the  battlefield  soenarlo  models  in 
particular)  are  not  easily  validated.  These  models  are  based  on  a  very  large  number  of  defining 
assumptions  including  considerations  such  as: 

o  The  type  of  battlefield  conditions  simulated 

o  The  method  of  utilizing  the  designation  system  in  a  combat  situation 
o  How  a  designator  operator  would  react  when  an  obsourant  occurs 
o  The  method  of  utilizing  the  data  in  the  models 


The  validity  of  these  models  can  only  be  assessed  by  considering  the  synergistic  effeot  of  the 
complete  set  of  assumptions.  Further,  such  validation  prooess  must  be  subjected  to  independent  eva¬ 
luation  by  outside  critics.  An  overview  of  the  validation  ooncept  for  the  BELDWSS  models  is  presented 


in  Figure  4. 
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3.  TRANSIENT  AEROSOL  MODELS 

Transient  aerosol  mode la  for  which  data  was  oollected  for  validation  oonslsted  of: 

MODEL  TITLE  TRANSIENT  AEROSOL  TTPE 

HEDUST  Artillery  dust  and  debris  (or  artillery  deployed 

CM  Saoke) 

TRACKS  Dust  created  from  vehioular  motion 

BURN  Aerosol  clouds  created  from  burning  targets, 

petroleum  firs,  eto. 

SMOKE  Aerosols  oreated  from  placed  CM  Saoke  devices 

with  a  finite  burn  time  (L8A1  red  phosphorus, 
saoke  pots,  PWP-plastiolzed  white  phosphorus,  eto.) 

These  models  simulate  three  different  types  of  aerosol  clouds  as  follows: 
o  aerosols  oreated  in  a  very  short  period  of  time 
(HEDUST  puff  model) 

o  aerosols  oreated  at  a  fixed  point  on  the  terrain 
with  a  finite  bum  rate  (SMOKE  and  BURN) 
o  aerosols  emitted  over  a  finite  period  of  time  by 
a  vehicle  moving  on  the  terrain  (TRACKS  dust, 
fog  oil,  eto.) 

The  models  simulate  the  transport  and  diffusion  of  the  oloud  mass  in  the  presence  of  a  prevailing 
wind.  The  diffusion  rate  is  governed  by  the  atmospheric  stability  (Pasqull's  Stability  Category)  In 
the  battle  area. 

1.  RANGE  AND  VALIDATION  FACILITIES 

Field  validation  experiments  were  conducted  at  Range  TA-3,  Redstone  Arsenal  and  at  Range  C-72, 
Eglln  APB.  The  range  TA-3  Redstone  Arsenal  facilities  provided  a  unique  opportunity  to  perform  weapon 
system  tests  in  natural  and  transient  aerosol  environments  on  an  instrumented  range. 
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4.1  REDSTONE  ARSENAL  FACILITIES 


Subsystem  validation,  Phase  III,  was  oonduoted  on  M1C0M,  Range  TA-3,  as  depicted  in  Figure  5.  The 
TADS,  OLLD  and  HELLFIRE  seeker  hardwares  were  evaluated  In  this  range  facility.  As  an  example  of  the 
type  of  field  experiment,  a  typloal  validation  measurement  might  oonslst  of  the  following  sequenoe.  A 
transient  aerosol  event  (l.e. ,  smoke)  Is  initiated  at  Point  14  on  Figure  5.  The  aerosol  dynamics  are 
measured,  and  the  concentration  pathlength  of  the  aerosol  along  a  line  of  sight  is  determined.  The 
propagation  and  soatter  of  the  projeotad  laser  energy  is  measured.  The  transmission  at  visible, 
laser,  television,  and  FLIR  wavelengths  are  measured,  as  well  as  the  laser  energy  returns  and  the 
seeker  response  to  these  returns.  The  target  illumination/tracking  performance  of  tlie  TADS  and/or 
GLLD  are  measured  against  a  variety  of  targets  (tactical  and  others).  In  addition,  meteorological 
data  is  recorded. 

The  test  process  involves  recording  approximately  250  simultaneous  measurements  at  a  rate  of  20 
measurements  per  second.  Each  of  these  data  is  time  correlated  with  range  IRIG  timing.  Tho 
collection,  verification,  formatting  and  combination  of  these  data  is  automated  and  processed  via 
three  slave  and  one  master  digital  computers. 

These  field  experiments  facilities  enabled,  for  the  first  time,  the  simultaneous  collection  of  the 
the  data  set  sufficient  for  development  and  validation  of  the  BELDWSS  subsystem  models. 

4.2  EGLIN  AFB  FACILITIES 

System  level  validation,  Phase  IV,  is  being  accomplished  through  a  live  missile  firing  program  at 
Eglin  AFB  (Figure  6).  These  live  firings,  all  in  obscurant  environments,  are  only  a  limited  subset  of 
the  subsystem  experiment  which  was  adopted  for  the  system  level  program.  These  system  level  valida¬ 
tion  missile  firings  are  scheduled  to  be  completed  by  the  end  of  April  1981.  Currently. seven  of  the 
eight  missiles  have  been  fired.  The  program  is  proceeding  on  schedule. 
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5.  TEST  AND  SIMULATION  RESULTS 

Validation  of  *  •»  8ELDWSS  models  are  maturing  through  the  analysis  of  the  results  from  the  Phase 

III  and  Phase  IV  measurement  program.  The  Phase  III  aotlvltles  were  focused  on  validation  of  the 
transient  aerosol  ar.d  natural  environment  models.  Phase  IV  validated  the  total  weapon  system  model 
using  eight  live  missile  firings.  Seven  firings  have  been  c  'plated  to  date. 

The  Phase  III  Aerosol  model  validation  achievements  are  Illustrated  by  the  oompariaon  of  simula¬ 
tion  results  with  the  test  results.  Sample  results  are  given  for  energy  transmission  through  the 
aerosol  oloud  for  two  different  aerosols.  These  are  L8A1  (red  phosphor)  (Figure  7)  and  traok  dust 
(Figure  8).  These  examples  Illustrate  the  exoellent  agreement  between  the  model  predictions  and  the 
test  results  for  each  of  four  signal  wavelengths.  Not  only  do  the  transmission  values  show  good 
agreement,  but  the  time  profiles  agree  also.  With  this  level  of  aerosol  modeling  suocess,  the  Phase 

IV  system  validation  was  undertaken. 

The  Phase  IV  validation  was  accomplished  with  live  missile  firings  in  obsourant  environments.  The 
results  to  date  are  given  In  Table  1.  Weapon  system  performance  was  evaluated  with  three  manmade 
obscurants  (fog  oil,  red  phosphor  and  HE  dust)  plus  one  natural  environment  (rain).  All  HELLPIRE 
missile  tests  were  successful  in  providing  valuable  data  for  model  validation.  Several  tests  lndl- 
OSted  that  the  seeker  momentarily  traoked  the  obscurant  during  the  fflioaile  flight.  No  degradation  In 
weapon  system  performance  was  detected  as  a  result,  only  on  one  occasion  did  the  missile  fall  to 
Impact  the  target.  System  parameters  were  monitored  during  testing  to  assure  that  weapon  system  per¬ 
formance  boundaries  were  probed.  On  the  one  occasion  where  the  missile  iupaoted  short  of  the  target, 
an  unusual  concentration  of  obsourant  obliterated  the  target  less  than  one  seoond  before  launah  and 
this  concentration  level  Increased  through  missile  Impact. 
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6.  CONCLUSIONS 

The  BELDWSS  program  has  clearly  demonstrated  the  advantages  of  using  the  concept  of  simulation, 
combined  with  limited  validation  testing  under  rigidly  controlled  conditions,  for  electro-optical 
system  performance  evaluation.  Under  this  concept,  performance  limitations  can  be  Identified  early 
for  prompt,  cost  effective  corrective  action.  Applications  to  future  generation  weapon  systems  is 
projected  and  advantageous.  For  example,  near  term  plans  inolude  incorporation  of  the  simulation  of 
the  TOW  II  weapon  system. 

The  validity  of  the  BELDWSS  system  performance  prediction  has  been  demonstrated.  Results  from  the 
field  test  experiments  and  the  comparisons  of  the  test  results  with  model  predictions  clearly  verify 
the  accuracy  of  BELDWSS  through: 

o  Subsystem  performance  modeling  (Phase  I  i  II) 
o  Smoke  and  obaauratlon  modeling  (Phase  III) 
o  Total  weapon  system  simulation  (Phase  IV) 

With  the  maturity  of  the  BELDWSS  simulation,  the  ability  to  predict  accurately  the  waapon  system 
performance  in  a  variety  of  battlefield  environments  Is  assured.  As  new  EO  systems  are  developed  and 
produat  improvements  are  applied  to  existing  systems,  it  seems  clear  that  the  BELDWSS  method  of  test 
validation  and  simulation  will  continue  to  satisfy  the  crltloal  analysis  and  evaluation  needs  of  Army 
missile  weapon  systema. 
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FIGURE  1.  8ELDWSS  MODELS.  Specialized  teats 
validate  the  LDWSS/BELDHSS  weapon  system 
simulation. 


OUTGOING  TANK  Fire 
TRACK  OUST 
BURNING  TANKS 
AOvenSE  WEATHER 
CV  SMOKES 

CW  CO\SO£RAT.ONS 
CBR  EFFECTS 

FIQURE  2.  SIMULATED  BATTLEFIELD.  The  BELDWSS 
models  the  weapon  system  In  the  dirty 
battlefield  environment. 
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FIOURE  3.  PREDICTIVE  DAT*  COMPARISON.  Cooparlaon 
of  field  teat  results  with  model  results  la  the 
foundation  for  the  predictive  method  of  model 
validation. 


DETERMINED  BY: 
e  EXPERTS  (SCENARIO  DATA) 
e  TEST  (OBSCURANT  MODELS) 


VALIDATED  BY: 

•  EVALUAT !0N  OF  EXPERTS 

•  COMPARISON  OP  PREDICTED 
RESULTS  TO  MEASURED  DATA 


FIGURE  4.  MODEL  VALIDATION  METHODOLOOT.  Tha  BRLDWSS 
model  validation  prooeaa  requires  qualitive  oonourrenoe 
of  expirta  and  quantitative  comparison  of  model  with 
teat  reaulta. 
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FIGURE  5.  BATTLEFIELD  ENVIRONMENT  RANGE  FACILITY.  The 
instrumented  teat  facilities  at  Redstone  Arsenal  are 
configured  to  provide  maximum  insight  Into  EO  weapon 
system  performance  on  the  dirty  battlefield. 
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FIGURE  6.  MISSILE  LAUNCH  RANGE  FACILITY.  Range  facilities 
at  Eglin  AFB  permit  evaluation  of  EO  weapon  systems  in 
obscurants  during  missile  ■'light. 
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FIGURE  7.  SMOKE  MODEL  VALIDATION  RESULTS.  The  validity  of 
smoke  models  in  BELDWSS  are  demonstrated. 
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FIGURE  8a  TRACK  DUST  MODEL  VALIDATION  RESULTS.  The  validity 
of  track  dust  models  In  BELDWSS  are  demonstrated. 
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table  phase  iv  plight  test  results 


BFO  MISSION 

DESIGNATION 

PROCESS 

DATE 

TARGET 

IMPACTED 

MEAN  ENERGY 
TRANSMISSION  1.06 

Fog  ail  #« 

PLIR  Manual  Trrck 

2*  FES  81 

NO 

Extraaaly  Low 

L8A  *  *  1 

\P«s  Pnospror ; 

FLIP  Auto  Track 

?2  MAR  81 

rts 

Vary  Low 

*  -8a i  #2 
(H*d  Hnotpnor) 

TV  Manual  Track 

1?  MAP  81 

TLS 

Vary  Low 

HE  >j*t  <1 
( SiAolttad 
Artillery! 

FLIP  Manual  Traok 

21  MAP  8i 

TES 

Vary  Low 

Pag  Oil  #2 

TV  Manual  Track 

2*  MAR  fit 

YES 

Mod a rata 

'  HE  0«»t  n 
iStajUttd 
Arllllary ) 

TV  Manual  Track 

26  MAP  8 1 

YES 

Moca rat* 

Pair.  #1 

Tv  Manual  Track 

1  APR  8i 

Yes 

Low  | 
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SENSITIVITY  OF  CALCULATED  TRANSMITTANCES  IN  ARTILLERY  PRODUCED  DUST  CLOUDS 


riONS  IN  MODEL  INPUTS 


Melvin  G.  Heaps  and  Donald  W.  Hoock 
Atmospheric  Sciences  Laboratory 
USA  Electronics  Research  and  Development  Command 
White  Sands  Missile  Range,  New  Mexico  88002 


ABSTRACT 

The  modeling  of  the  transmission  of  visible  and  infrared  radiation  through  artillery  produced  dust 
clouds  depends  on  several  quantities,  processes  and  assumptions  which  are  parameterized  either  as 
scaling  laws  and  multiplicative  factors  or  are  specified  directly  as  input  values.  Computer  models  by 
their  very  nature  are  deterministic,  delivering  single-valued  outputs  for  specific  Inputs.  In  reality 
the  Input  quantities  are  themselves  not  always  well  known,  and  many  other  parameters  are  simply  best 
estimates  within  a  range  of  possible  choices.  Several  parameters  from  the  different  phases  of  dust 
cloud  transmission  problem  have  been  varied  within  appropriate  ranges.  The  more  Important  parameters 
which  can  cause  wide  variations  in  the  calculated  transmittance  are 

-  wind  direction,  which  affects  the  position  of  the  cloud  with  respect  to  the  transmission  line  of 

sight 

-  the  fraction  of  the  actual  crater  mass  remaining  airborne,  which  affects  the  degree  of  obscuration 

-  the  dust  particle  size  distribution  within  the  cloud,  which  affects  the  wavelength  dependence  of 
the  obscuration. 

Comparison  wlti^test  data  from  the  Dusty  Infrared  Test  (DIRT)  series  show  that  current  models  are  now 
able  to  correctly  simulate  many  effects  In  dust  cloud  transmi ttance.  Such  comparisons  have  also  shown 
a  need  for  further  Improvements  In  the  following  areas 

-  Initial  (<3s)  dust  cloud  development,  models  generally  show  more  rapid  transmittance  drop-offs  In 
this  time  fr^hie  than  the  data  would  Indicate  for  explosions  on  the  transmission  line  of  sight 

-  Inclusion  of  large  turbulence  eddies  In  dust  cloud  growth  and  movement,  transmittance  data  often 
show  "holes"  appearing  in  clouds 

-  a  better  determination  of  the  ground-hugging,  non-buoyant  dust  skirt,  most  transmission  measure¬ 
ments  occur  within  3  m  of  the  surface 

-  Inclusion  of  variation  of  meteorological  parameters  for  long  persisting  (>l  min)  dust  clouds. 


1.  INTRODUCTION 


The  modeling  of  artillery  and  high  explosive  produced  dust  clouos  and  the  resultant  transmission  of 
visible  and  Infrared  radiation  through  these  clouds  can  be  divided  Into  three  phases.  The  first  phase 
deals  with  cratering  and  initial  cloud  properties  and  determines  how  much  material  is  put  Into  the  cloud. 
The  second  phase  deals  with  transport  and  diffusion  of  the  resulting  dust  cloud  and  Is  Important  In 
determining  the  density  of  the  dust  cloud  and  Its  position  with  respect  to  the  transmission  line  of 
sight.  The  third  phase  deals  with  the  transmission  of  visible  and  Infrared  radiation  through  the  dust 
aerosol  and  depends  upon  the  particle  size  distribution  and  the  composition  of  the  material  In  the  cloud. 


In  modeling  the  transmission  through  dust  clouds  there  are  certain  quantities  which  are  desired 
Inputs  to  the  models,  but  which  may  not  always  correspond  to  directly  measured  (or  measurable)  quanti¬ 
ties.  Table  I  shows  some  parameters  which  are  commonly  used  In  modeling,  either  as  Inputs  or  Internally 
carried  quantities,  along  with  a  comment  about  what  quantity  Is  actually  measured.  Uncertainties  arise 


UNCLASSIFIED 


481 


UNCLASSIFIED 

B-7 

In  determining  a  best  value  to  be  used  because  either  the  measurement  Itself  yields  a  large  range  of 
possible  values  and  an  Interpolation  Is  then  required,  or  the  quantity  can  not  be  readily  measured  and 
an  "educated  guess"  must  be  made. 


TABLE  1.  MODELING  PARAMETERS 


NEED  TO  KNOW 

WHAT  IS  MEASURED 

Crater  Volume 

Apparent  Crater  Dlameter(s)  and  Depth 

Mass  Lofted 

No  Direct  Measurements 

-  Cloud  and  Dust  Skirt 

(Debris  Measurements  -  Indirect) 

Energy  Partitioned 

No  Direct  Measurements 

(To  Initial  Cloud) 

(Cloud  Rise  Rates  -  Indirect) 

Pasqulll  Category 

Estimated  from  Solar  Insolation,  Cloud  Cover 

Wind  Speed  and  Direction 

and  Wind  Speed 

Wind  Speed  and  Direction 

Particle  Size  Distribution 

(Often  at  Different  Location) 

Particle  Size  Groups  (Sand/SI 1 t/Clay) 

(In  the  Cloud) 

Sieve  and  Hydrometer  Sizing  (Soil) 

Impactor  Sampling  (Cloud) 

Real  Time  In-SItu  Sampling  (Cloud) 

The  effect  on  the  resultant  transmission  of  the  range  of  values  of  the  model  input  parameters 
shall  be  studied  here.  The  standard  for  comparison  shall  be  the  measured  transmission  through 
artillery  produced  dust  clouds.  The  desired  model  output  Is  the  calculated  transmittance  at  selected 
visible  and  Infrared  wavelengths.  Selected  Inputs  from  each  of  the  three  phases  of  the  dust  cloud 
transmission  problem  shall  be  varied  to  determine  their  effects  on  and  Importance  to  the  resultant 
transmittance. 
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2.  SELECTION  OF  TEST  DATA  AND  MODEL  PARAMETERS 

The  test  data  shall  be  taken  from  the  Dusty  Infrared  Test  -  II  (DIRT -II)  Program  (Kennedy,  1980) 
conducted  at  White  Sands  Missile  Range,  NM,  in  July  1979.  The  test  series  consisted  of  single 
explosions  from  tube  delivered  (live  fire)  artillery  rounds,  statically  detonated  artillery  shells,  and 
statically  detonated  bare  charges.  From  the  many  cases  available,  this  report  shall  use  selected  cases 
of  105  mm  and  155  mm  shells.  The  quantity  used  for  comparison  shall  be  the  transmittance  through  the 
artillery  produced  dust  clouds  (Curcio,  et  a  1 . .  1980).  Figures  1  and  2  are  examples  of  the  transmit¬ 
tance  at  visible  and  infrared  wavelengths  versus  time  for  statically  detonated  105  mm  and  155  mm  shells. 

The  dust  cloud  transmission  model  used  is  one  being  developed  under  the  auspices  of  the  US  Army 
Atmospheric  Sciences  Laboratory  (Thompson,  1979;  Thompson,  1980a;  Thompson,  1980b).  While  this  specific 
model  can  neither  (and  need  not)  represent  all  the  vn-ious  inputs  required  by  different  models  nor 
identically  parallel  all  algorithms  and  methods  of  solution  used,  it  is  a  reasonable  representation  of 
the  State  of  the  art  in  dust  cloud  obscuration  modeling  (Heaps,  1980a;  Heaps,  1980b).  The  main 
objective  is  to  select  a  representative  subset  of  potential  input  parameters  and  determine  the 
sensitivity  of  the  modeled  transmittance  to  their  variation. 

The  first  phase  of  dust  cloud  modeling  deals  with  cratering  and  the  properties  of  the  Initial 
(i.e.,  essentially  instantaneous)  cloud.  Several  scaling  laws  have  been  developed  which  relate  the 
apparent  crater  volume  to  the  exp  osive  charge  type  and  positioning.  Typical  variations  of  actual 
crater  volumes  and  the  mean  predicted  crater  volume  are  *30*;  that  Is  about  a  factor  of  two  difference 
between  the  smaller  and  large  crater  volumes  for  a  given  soil  type.  The  next  question  deals  with  how 
much  of  the  actual  crater  volume  becomes  airborne  in  the  dust  cloud,  as  opposed  to  being  distributed 
as  crater  ejecta  about  the  rim.  Current  estimates  are  that  25%  of  the  apparent  crater  volume  actually 
enters  the  cloud,  but  there  is  certainly  another  factor  of  two  in  variance  inherent  here.  The  basic 
quantity  which  needs  to  be  determined  is  how  much  material  is  actually  in  the  cloud,  and  this  is  a 
function  of  the  apparent  crater  volume,  the  fraction  which  enters  the  cloud  and  an  accurate  determination 
of  soil  type.  The  basic  parameter  used  h:-e  shall  he  called  the  lofted  crater  mass  0-C(n),  which  shall 
be  used  as  multiplicative  factor  relating  che  volume  of  soil  lofted  to  the  explosive  charge  weight, 

M(m3)  =  0.25  LcniW1'111  (1) 
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where  M  Is  the  amount  lofted  (m  )  and  W  is  the  explosive  charge  (in  pounds  of  TNT).  Lcm  has  a  median 
value  of  0.03  for  artillery  shells,  but  can  vary  between  0.01  and  0.075. 

The  initial  (i.e.,  "Instantaneous")  size  of  an  artillery  dust  cloud  is  usually  scaled  to  an 
equivalent  radius,  determined  from  shock  wave  theory,  which  is  approximately  the  radius  of  a  sphere 
whose  size  is  determined  by  the  amount  of  explosive  energy  available  to  do  work  expanding  the  cloud 
against  atmospheric  pressure.  For  artillery  shells  this  equivalent  radius  is  on  the  order  of  2-3  m. 

The  initial  cloud  is  often  not  spherical,  particularly  for  cased  and  shaped  charges,  and  thus  an 
ellipsoid  may  be  chosen  for  the  initial  cloud  shape.  However,  the  subsequent  growth  and  diffusion  of 
the  cloud  begins  to  obscure  the  effec  ;  of  any  Initial  shape  within  a  few  seconds.  Thus,  the  effects 
of  incorrectly  scaling  the  initial  cloud  shape  are  felt  to  be  less  than  the  possible  variation  in  the 
parameter  governing  the  lofted  crater  mass  (Lcm)*  and  these  effects  would  be  most  noticeable  only  in 
the  early  period  of  dust  cloud  growth. 

Visual  examination  of  high  explosive  and  artillery  produced  dust  clouds  shows  that  a  non-buoyant 
base  cloud  or  dust  skirt  accompanies  the  formation  of  the  buoyantly  rising  main  dust  cloud.  For  model¬ 
ing  purposes  this  initial  base  cloud  is  given  three  times  the  horizontal  dimensions  and  the  same 
vertical  extent  as  the  initial  buoyant  main  dust  cloud.  The  airborne  mass  of  the  base  cloud  or  dust 
skirt  Is  taken  to  be  10%  that  of  the  main  cloud.  The  subsequent  diffusion  and  transport  of  the  base 
cloud  or  dust  skirt  are  taken  to  be  independent,  though  governed  by  the  same  physics  and  meteorology, 
of  the  main  cloud;  the  base  cloud  Is  taken  to  be  "cold"  and  therefore  has  no  subsequent  vertical  rise 
other  than  by  diffusion.  Because  most  lines  of  sight  for  electro-optical  Instruments  are  near  the 
ground,  the  base  cloud  or  dust  skirt  plays  a  large  role  in  the  resultant  dust  cloud  obscuration  effects. 
Because  the  base  cloud  Is  Initially  scaled  to  the  main  cloud,  the  potential  errors  and  variation  of 
parameters  Inherent  in  the  formulation  of  the  main  cloud  are  also  present  for  the  base  cloud. 

Therefore,  the  variations  possible  in  the  first  phase  of  dust  cloud  modelina.  which  governs 
cratering  and  initial  cloud  properties,  center  primarily  in  the  areas  of  determining  the  amount  of 
actual  material  in  the  cloud,  defining  the  shapes  of  the  initial  base  and  main  cloud,  and  determining 
the  airborne  mass  of  the  base  cloud  or  dust  skirt.  The  largest  uncertainty  is  In  the  parameter  lcin, 
which  scales  the  amount  of  material  in  the  dust  cloud  as  3  function  of  soil  type.  This  parameter  shall 
be  varied  to  represent  the  largest  range  of  uncertainties  prt.nnt  in  the  first  phase. 
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The  second  phase  of  dust  cloud  modeling  deals  with  transport  and  diffusion,  is  Influenced 
heavily  by  meteorological  parameters,  and  determines  the  distribution  and  position  of  the  cloud  with 
respect  to  the  optical  line  of  sight.  There  are  four  parameters  and  quantities  which  influence  tnis 
phase  of  the  modeling  problem.  The  first,  the  energy  partitioned  E  ,  represents  that  fraction  of 
energy  of  the  initial  explosion  which  is  available  for  the  rise  and  expansion  of  the  main  cloud. 

Current  best  estimates  place  the  value  of  Ep  at  25-30%,  but  there  is  certainly  a  factor  of  two 
variability  depending  on  explosive  charge  type,  placement  and  soil  characteristics. 

The  next  three  quantities  express  the  dependence  of  this  phase  of  dust  cloud  modeling  on  meteor¬ 
ological  quantities.  The  Pasquill  category  represents  a  quantification  of  atmospheric  stability  in 
six  discrete  steps  from  very  unstable  to  very  stable  (the  conventional  Pasquill  categories  A  through 
F).  This  parameter  is  estimated  from  meteorological  observations  of  wind  speed,  clcud  cover  and  solar 
insolation.  Its  use  within  the  model  is  to  select  sets  of  values  to  be  used  in  the  diffusion  of  the 
base  cloud  and  of  the  main  cloud  after  its  buoyant  rise  and  expansion  phase.  The  final  two  quantities 
are  the  wind  speed  and  wind  direction.  These  can  be  measured  directly  (though  usually  not  precisely 
where  the  cloud  is  at  any  given  moment)  and  used  as  inputs  to  the  dust  cloud  model.  In  practice  these 
quantities  are  usually  held  constant  or  averaged  over  periods  of  one  or  two  minutes,  which  are  the 
normal  lifetimes  of  single  artillery  dust  clouds. 

The  third  phase  of  dust  cloud  modeling  deals  with  the  transmission  of  radiation  through  the  dust 
cloud  and  depends  primarily  upon  the  composition  and  particle  size  distribution  of  the  cloud.  The 
composition  of  the  soil  and  its  optical  properties  (l.e.,  wavelength  dependent  indices  of  refraction) 
can  be  determined  to  some  degree  from  soil  samples.  In  addition  the  current  model  allows  that  30%  of  the 
explosive  charge  ends  up  as  micron  sized  carbon  particles  which  are  evenly  distributed  throughout  the 
cloud.  An  actual  determination  of  the  cloud's  particle  size  distribution  has  proved  to  be  a  difficult 
problem.  Attempts  have  been  made  to  measure  the  particle  size  distribution  "in-situ"  at  various  tests 
(Kennedy,  1980;  Fernandez  and  Pinnlck,  1980;  Mason,  1980;  Lindberg,  1979).  but  results  are  not  yet  felt 
to  be  reliable  or  representative.  Soil  samples  and  soil  sieving  techniques  car,  give  a  reasonable 
representation  of  the  gross  size  distribution  of  the  soil  in  its  natural  state,  but  it  is  unclear 
whether  the  explosion  itself  preserves  this  'natural"  size  distribution.  In  order  to  be  able  to 
adequately  model  a  wide  range  of  soil  type,  the  current  model  uses  an  easily  and  cofimonly  measured 
parameter  which  is  the  percentage  composition  of  the  soil  as  sand,  silt  and  clay.  Sand  represents 
particles  of  size  50-2000„m,  silt  represents  oarticles  of  size  2-50um,  and  clay  represents  particles  of 
size  < 2i.it, .  Representative  particle  size  distributions  and  indices  of  refraction  are  assigned  to  each 
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group.  The  composition  of  the  initial  cloud  is  then  related  directly  to  the  soil  composition,  with  an 
added  small  component  of  carbon.  Subsequent  settling  of  the  larger  size  particles  as  time  progresses 
will  then  cause  a  change  in  the  relative  composition  of  the  cloud  and  also  In  Its  optical  properties. 

Table  II  gives  the  size  parameters  or  quantities  which  shall  be  varied  in  subsequent  simulations 
of  test  data.  Where  it  is  applicable,  the  average  value  of  the  parameter  and  its  range  are  also  given 


TABLE  II 


PARAMETER 

VALUE  USED 

Crater  Mass  Lofted  (L  )  (relates  the  amount 

r  =  0.06-0.075 
cm 

of  material  lofted  to  the  size  of  the  explosive 

range:  0.01  -  0.075 

charge;  a  function  of  charge  type,  placement  and 

soil  type). 

Energy  Partitioned  (Ep)  (a  measure  of  the 

Ep  “  °‘25 

fraction  of  explosive  energy  available  for  rise 

range:  0. 125  -  0.5 

and  expansion  of  the  main  cloud;  a  function  of 

charge  type,  placement  and  soil  type). 

Pasquill  Category  (a  quantification  of 

A  -  F 

iatmospheric  stability  affecting  diffusion  of  the 

(value  estimated  from  meteorological 

Icloud). 

observations) 

1 

range:  i  one  category 

i  Wind  Speed 

Measured  (average)  Value 

1 

range;  :  0.5  -  1  m/s 

Wind  Direction 

Measured  (average)  Value 

Particle  Size  Distribution  (present  distri- 

range:  t  10° 

Based  on  percentage  composition  of 

bution  for  different  soil  components  are  used). 

sand,  silt  and  clay  in  the  soil. 

range:  ;  10  -  20'  of  measured  values 
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3.  COMPARISON  OF  MODELEO  VARIATIONS  WITH  TEST  DATA 

The  test  data  shown  in  Figures  1  and  2  Illustrate  two  points  which  should  be  noted.  First,  the 
rather  jagged  or  stochastic  nature  of  the  actual  transmission  data  Is  due  to  turbulence  and  the  many 
small  Inhomogeneitles  actually  present  within  the  cloud;  often  large  eddies  are  present  which  give 
brief  "transmission  holes"  in  the  dust  cloud.  It  is  beyond  the  state  of  current  computer  codes  to 
model  anything  but  a  continuum  approach  to  the  effects  of  turbulence  and  therefore  simulated  trans¬ 
mission  data  appear  as  smooth  curves.  Second,  the  actual  data  often  show  larger  transmittances  at 
infrared  than  at  visible  wavelengths,  as  Figures  1  and  2  show.  This  particular  feature,  while 
frequently  observed,  is  by  no  means  consistently  present  even  within  all  test  series. 

Two  test  cases  have  been  chosen  to  Illustrate  the  variation  one  might  expect  between  actual  and 
simulated  transmission  data  when  the  Input  quantities  to  the  model  are  changed.  The  first  case, 
already  shown  in  Figure  1,  is  for  a  105  mm  shell  detonated  a  reasonable  distance  from  the  line  of  sight 
whose  cloud  was  carried  across  that  line  of  sight  at  a  somewhat  oblique  angle.  This  second  case  is  for 
a  larger  155  ran  shell  detonated  closer  to  the  line  of  sight,  whose  cloud  was  carried  almost  parallel  to, 
but  slightly  away  from  the  line  of  sight.  Table  III  gives  the  basic  input  data  for  each  case. 


TABLE  III 


PARAMETERS 

B-7  (105  ran) 

A- 1 1  (155  mm) 

Distance  from  line  of  sight 

19.5  m  east 

10.4  m  west 

Height  of  line  of  sight  above  detonation  point 

7.5  m 

7.5  m 

Estimated  Pasquill  Category 

B 

B 

Wind  Speed 

2.4  m/s 

3.7  m/s 

Wind  Direction 

165° 

36° 

Angle  of  wind  w.r.t.  line  of  sight 

41°  (across) 

10°  (away) 

Soil  type 

silty  clay  with  varying  amounts  of  sand;  1 

composition  taken  as  25% 

sand,  50%  silt,  25%  clay 

Indices  of  refraction 

\  -  0.55um 

X  a  10.37um 

Clay 

1.52  -  0.00071 

2.16  -  0.1491 

Silt 

1.55  -  0.00011 

2.35  -  0.03151 

Sand 

1.55  -  0.00CH 

2.35  -  0.03151 

Carbon 

1.75  -  0.441 

2.22  -  0.7261  1 

Type  of  explosive  charge 

statically  detonated  artillery  shell  placed 

with  nose  tip  on  the  ground  at  an  angle  of 

about  11°  with  the  surface 
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FIGURE  l.  0IR7  II  TRIAL  B-7  TRANSM I SSOMETER  DATA 
103  MM  •  t.atlo  round  at  .  55  and  10.  37  mioromat«p«, 


FIGURE  2.  DIRT  II  trial  All  TRANSM1 S90MCTER  DATA 
135  MM  •«.««.  I u  round  at  •  55  and  10.  97  m I onomoioro, 
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Figures  3  through  6  show  the  simulated  transml ttances  for  105  mm  (trial  8-7)  and  155  mm  (trial 
A- 1 1 )  explosions.  The  visible  (0.55i.m)  and  Infrared  (20.37um)  transml ttancos  are  shown  separately. 

The  parameter  which  has  been  varied  Is  the  lofted  crater  mass,  lcm.  The  larger  values  were  taken  from 
the  averaged  crater  sizes  for  all  statically  detonated  105  irm  and  155  mm  shells  respectively.  The 
smaller  values  of  Lcm  were  chosen  as  a  lower  limit  for  the  types  of  desert  soils  present  In  the  Dusty 
Infrared  Test  (DIRT)  series.  As  might  be  expected,  the  measured  L  's  for  the  respective  sets  of 
trials  give  the  better  representation  of  the  measured  transml ttances. 

Figures  3  and  4  show  that  the  early  time  modeled  transmlttances  do  not  drop  off  as  rapidly  as  the 
test  data  would  indicate.  Examination  of  numerous  cases  of  similarly  placed  charges  (l.e.,  more  than 
10  m  from  the  line  of  sight,  such  that  the  cloud  is  not  initially  in  the  line  of  sight)  shows  a  similar 
trend.  The  indication  Is  that  the  size  and  expansion  of  the  base  cloud  or  dust  skirt  are  not  correctly 
modeled  f >r  the  first  few  seconds  of  the  dust  cloud's  lifetime.  In  contrast,  for  dust  clouds  which  are 
very  close  to  the  line  of  sight,  similar  to  Figures  5  and  6  and  other  cases  which  were  examined,  the 
modeled  transmlttances  dropped  off  more  rapidly  than  the  measured  ones.  The  Indication  here  Is  that  the 
transml ssometer  may  not  have  responded  accurately  during  the  Initial  seconds  of  rapid  transmission 
decrease.  Thus,  comparisons  between  simulated  and  measured  data  for  times  less  than  approximately 
three  seconds  may  not  always  be  valid. 

Figures  3  through  6  show  that  the  larger  values  for  the  lofted  crater  mass  factor  (Lcm)  provide 
the  better  simulation  of  the  transmission  data.  Because  the  main  cloud  rises  eventually  several  tens 
of  meters  above  the  surface,  while  the  base  cloud  stays  within  several  meters  of  the  surface,  the  main 
cloud  moves  out  ahead  of  the  base  cloud  or  dust  skirt  due  to  the  normal  wind  shears  present  In  the 

atmospheric  boundary  layer.  Thus  for  trials  such  as  B-7,  shown  In  Figures  3  and  4,  where  the  cloud  Is 

blown  across  the  line  of  sight,  the  obscuration  at  later  times  Is  due  primarily  to  the  base  cloud;  the 
main  cloud  Is  above  and  beyond  the  line  of  sight  at  these  later  limes.  In  trial  A- 11 ,  Figures  5  and  6, 
the  bulk  of  the  obscuration  at  earlier  times  Is  caused  by  the  main  cloud,  because  the  track  of  the  two 
clouds  so  closely  parallels  the  line  of  sight.  Tne  main  cloud,  while  above  the  line  of  sight,  Is  still 
expanding  down  Into  It;  after  about  40  seconds  the  base  cloud  also  begins  to  diffuse  up  Into  the  line 
of  sight  and  causes  the  majority  of  the  obscuration  after  this  time.  The  decline  In  the  rate  of 
Improving  transmittance  seen  In  Figures  5  and  6  after  60  seconds  Is  due  to  tne  base  cloud  diffusing  jp 

Into  the  line  of  sight  while  tne  larger  particles  (>80ym)  of  the  main  cloud  are  beginning  to  settle 

down  Into  the  line  of  sight. 


UNCLASSIFIED 


4S9 


TRANSMITTANCE  TRANSMITTANCE 


UNCLASSIFIED 


TIME  CSEC> 
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Figures  7  through  10  show  the  effect  of  varying  the  energy  partitioned  fraction,  Ep.  It  can  be 
seen  that  as  the  Ep  fraction  Increases  the  simulated  transmlttances  decrease.  This  Is  due  to  two 
reasons.  The  first  is  because  the  Initial  size  of  the  main  cloud,  and  hence  the  base  cloud  or  dust 
skirt,  Is  scaled  to  the  amount  of  energy  "available"  to  the  cloud  from  the  explosion.  Thus,  the  initial 
base  cloud  Is  larger  and  extends  into  the  line  of  sight  to  a  greater  extent.  The  second  reason  Is  that, 
although  the  main  cloud  Is  rising  at  a  somewhat  more  rapid  rate  It  Is  also  expanding  at  a  more  rapid 
rate  such  that  the  amount  of  material  In  the  line  of  sight  due  to  the  main  cloud  Is  slightly  Increasing. 

Figures  11  through  14  show  the  effect  of  varying  the  Pasqulll  category.  This  parameter  is  varied 
In  a  step-like  manner  and  the  range  of  simulated  transmlttances  show  the  importance  of  making  an 
initially  reasonable  estimate.  The  Pasqulll  parameter  primarily  controls  the  diffusion  of  the  base 
cloud  and,  after  the  rise  and  expansion  phase,  of  the  main  cloud.  The  effect  of  changing  the  Pasqulll 
category  to  more  unstable  conditions  Is  to  Increase  the  rate  of  diffusion  (expansion)  of  the  cloud 
which  In  turn  causes  more  material  to  be  diffused  Into  the  line  of  sight.  Thus  changing  the  Pasqulll 
category  from  B-*A  decreases  the  simulated  transmittance.  Figures  12  and  14  Indicate  that  for  Infrared 
transmission  a  change  In  the  Pasqulll  category  to  a  more  unstable  value  at  later  times  gives  a  somewhat 
better  fit  to  the  data.  This  may  Indicate  that  the  diffusion  of  the  larger  particles  in  the  late-time 
cloud  has  been  underestimated. 

Figures  15  through  18  show  the  effect  of  varying  the  wind  speed.  The  general  effects  are  small, 
particularly  when  the  cloud  tends  to  parallel  the  line  of  sight,  as  In  Figures  17  and  18.  When  the 
wind  Is  more  of  a  cross  wind  to  the  line  of  sight, the  entire  profile  lust  slides  over  a  few  seconds 
In  time,  which  Is  what  one  would  expect.  Of  course  the  two  profiles  are  not  absolutely  Identical  due 
to  small  differences  In  the  respective  speeds  of  the  main  and  base  clouds. 

Figures  19  through  22  Illustrate  the  effects  of  changing  the  wind  direction.  The  differences  are 
larger  here  for  slight  changes  In  wind  direction  than  they  were  for  the  previous  changes  In  wind  speed. 
For  trial  A-ll,  Figures  19  and  20,  where  the  cloud  path  nearly  parallels  the  line  of  sight,  a  slight 
change  In  direction  causes  a  very  large  change  In  the  simulated  transmlttances.  In  this  Instance  the 
cloud  path  Is  only  5°  from  the  line  of  sight;  for  the  earlier  part  of  the  Infrared  transmission  profile 
In  Figure  20  the  altered  wind  direction  gives  a  better  fit  to  the  data.  In  reality,  the  wind  direction 
and  speed  do  vary  slightly  on  time  scales  of  a  few  second;;  these  are  two  causes  of  tho  stochastic 
nature  of  the  actual  transmission  data. 


UNCLASSIFIED 


UNCLASSIFIED 


ASL-DUST  -  SENSITIVITY  TO  INPUTS 


OIRT-II  TRIAL 

B-7 

105  MM  STATIC  - 

SURFACE 

0.  55  MICROMETERS 

^  — 

* 

IV 

_  /• —  zP  ”  ri ,  A  k  v 

iV 

--'V  .  A  k  A r  iAAJt/ 

^  ■■fiw  V  -'V  » 

»r.  / 

/  aV  1  V 

'i  ' 

ii.  > 

!l; 

iT  MODEL  -  HYORO-YtELO 

•i;  / 

'  FRACTION 

-  0.  185 

i  •  r  / 

- 0.  230 

.  0.  500 

- TRANSMISSOMETER 

TIME  <SEC> 

FIGURE  7.  DIRT  II  TRIAL  B-7  HYDRO-YIELD  FACTOR 

Varlotlsn  in  hydro-dynanlo  »n»rgy  frootlon. 


ASL-DUST  -  SENSITIVITY  TO  INPUTS 


OIRT-II  TRIAL  B-7 

105  MM  STATIC  -  SURFACE 
^  10.  97  MICROMETERS 

i.ari.'rT-'n-Trx  sis 

\[.  , 

il:  /  /  /  .  W 

|il  /  /v 

:n  ///  / 

MODEL  -  HYDRO-YIELD 

'll  //V  ■ 

FRACTION 

i .  V 
m  V-  /u  ■■■ 

-  0.  125 

- 0.  890 

.  0.  900 

\  V/  J  ; 

- TRANSMISSOMETER 

TIME  <SEC> 

FIGURE  8.  DIRT  II  TRIAL  B-7  HYDRO-YIELD  FACTOR 

Vor 1  at  1 on  |n  hydnn-dyno* lo  «n»rgy  f root 1  on, 


UNCLASSIFIED 


UNCLASSIFIED 


ASL-DUST  -  SENSITIVITY  TO  INPUTS 


DIRT 

-11  TRIAL  All 

155  MM 

STATIC  -  SURFACE 

MODEL  -  HYDRO-YIELD 

0.  55 

MICROMETERS 

FRACTION 

-  0.  125 

- 0.  230 

.  0.  300 

- TRANSMISSOMETER 

TIME  <S£C> 

FIGURE  S.  OIRT  II  TRIAL  All  HYDRD-YlELD  FACTOR 

Variation  in  hyd^o-dynomlo  «n»rgy  fraotion. 


ASL-DUST  -  SENSITIVITY  TO  INPUTS 


TIME  (SEC) 

FIGURE  10.  OIRT  II  TRIAL  All  HYORO- Y I ELD  FACTOR 

(n  hydro'dynomto  an*r|y  fr*»t(on. 


UNCLASSIFIED 


UNCLASSIFIED 


UNCLASSIFIED 


B-7 


Figures  23  through  26  show  the  changes  in  simulated  transmittance  for  a  change  in  soil  composition, 
and  hence  particle  size  distribution.  The  best  Initial  estimate  for  the  soils  of  the  DIRT-Il  series 
was  a  composition  of  25*  clay,  50%  silt  and  25%  sand.  In  order  to  define  a  soil  with  a  particle  size 
distribution  weighted  toward  smaller  sizes,  a  composition  of  80*  clay,  12%  silt  and  8%  sand  was 
selected.  Figures  23  through  26  show  generally  lower  simulated  transmittances  for  this  second  soil 
composition.  This  Is  to  be  expected  because  the  smaller  sizes  tend  to  give  an  overall  larger  cross 
section  to  mass  ratio.  Also  the  ratio  of  visible  to  infrared  transmittances  is  smaller  for  the  second 
soil  composition.  Again  this  Is  to  be  expected  because  of  the  greater  proportion  of  clay-sized 
particles  (mean  diameter  0.5um)  causes  relatively  more  extinction  in  the  visible  range.  Further 
comments  on  the  effect  of  the  particle  size  distribution  on  the  mass  extinction  coefficient  are  made  In 
the  next  section. 

The  preceding  examples  of  statically  detonated  105  mm  and  155  mm  rounds,  trials  B-7  and  A-ll,  are 
for  periods  of  low  to  moderate  windspeed  and  for  wind  directions  within  about  40°  of  the  transmlssometer 
line  of  sight.  Two  trials  of  live-fire  155  mm  rounds  are  now  considered  for  periods  of  somewhat  higher 
windspeed  and  for  a  larger  angle  between  the  wind  direction  and  the  line  of  sight. 

Both  trials  are  for  surface  detonations  using  superquick  point  detonating  fuzes.  The  Impact  point 
for  trial  ARTY  A-3  of  the  DIRT- 1 1  test  was  28  meters  from  the  test  area  central  line.  The  wind  was 
5  meters/second  at  330°,  about  55°  from  the  transmlssometer  line  of  Sight,  Trial  ARTY  A-7  was  for  an 
impact  only  2.3  meters  from  the  central  line  at  a  windspeed  of  4.6  meters/second,  comparable  to  ARTY  A-3, 
but  with  wind  direction  of  360°.  This  wind  direction,  about  25°  from  the  transmlssometer  line  of  sight, 
was  comparable  to  that  of  the  static  detonated  rounds  already  considered.  Figures  27  and  28  show  the 
sensitivity  of  predicted  transmission  to  a  10°  variation  in  wind  direction. 

From  these  figures  It  is  clear  that  the  sensitivity  for  trial  ARTY  A-7  Is  comparable  to  that  for 
the  static  rounds  shown  previously  in  Figures  19  through  22.  This  Is  due  primarily  to  the  comparable 
wind  directions  with  respect  to  the  line  of  sight.  For  trial  ARTY  A-7,  however,  the  variation  in 
transmission  Is  much  smaller.  Thus,  at  wind  directions  approaching  cross  wind  to  the  line  of  sight  the 
uncertainty  or  fluctuation  In  wind  direction  Is  less  critical. 

It  is  interesting  to  note  that  the  time  and  duration  of  obscuration  are  very  similar  between 
trials  ARTY  A-3  and  ARTY  A-7,  despite  the  large  difference  In  Impact  distance  from  the  central  line. 
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This  Is  due  In  part  to  the  elevated  transmissometer  optical  path  which  parallels  the  central  line  at  a 
height  of  approximately  8  meters  above  the  surface.  As  mentioned  previously,  the  model  predicts  an 
Initial  reduction  In  transmittance  which  Is  too  early  for  trial  ARTY  A-7  and  too  late  for  trial  ARTY  A-3. 
Detailed  analysis  of  the  model  prediction  of  cloud  positions  suggests  that  the  error  in  the  former  case 
may  be  due  to  a  modeled  initial  buoyant  rise  which  Is  too  rapid. 

Figures  29  and  30  show  the  change  in  predicted  transmission  for  a  0.6  and  0.5  msters/second 
variation  in  windspeed.  The  effect  is  small,  as  expected  for  downwind  distances  of  less  than  30  meters. 
Trial  ARTY  A-3  does  show  a  shift  in  the  onset  of  obscuration  of  the  magnitude  expected  for  an  Increase 
In  windspeed  from  5.0  to  5.5  meters/second  over  a  downwind  distance  of  28  meters. 

Variation  under  a  change  Vi  Pasqulll  category  results  in  significant  changes  In  predicted  trans¬ 
mission,  as  shown  In  Figures  31  and  32.  Stability  affects  the  rate  of  diffusion  of  the  cloud  Into  the 
line  of  sight.  This  was  discussed  for  the  static  detonated  rounds. 

Figures  33  and  34  display  the  predicted  obscuration  for  the  crater  scaling  factor  determined 
directly  from  measurements  of  average  live-fire  155  urn  crater  dimensions  and  that  predicted  for  a  very 
dry,  sandy  soli.  The  variation  results  In  a  factor  of  6  change  In  the  quantity  of  lofted  soil.  The 
lower  bound  represents  a  reasonable  "a  priori"  choice  which  might  be  made  for  a  desert-like  soil.  The 
measured  dimensions  obviously  give  a  better  agreement  with  the  data.  Thus,  this  example  again  emphasizes 
the  sensitive  dependence  of  the  level  of  dust  obscuration  on  the  crater  size,  and  its  importance  In  the 
model Ing  effort. 


4.  TIME  DEPENDENCE  OF  LOFTED  OUST  SIZE  DISTRIBUTIONS  AND  MASS  EXTINCTION 

Most  current  dust  obscuration  models  assume  that  a  constant  mass  extinction  coefficient  can  be 
applied  throughout  the  lofted  cloud.  A  mass  extinction  coefficient  represents  the  volume  extinction 
(r.'*)  per  unit  mass  concentration  (g/irP)  within  the  cloud.  It  Is  an  appealing  scaling  quantity  because 
It  separates  the  modeling  approach  Into  transport/diffusion  prediction  (which  provides  the  mass 
concentration  at  each  point  along  an  optical  path)  and  electromagnetic  propagation  calculation  (which 
integrates  the  simple  product  of  the  concentration  and  wavelength  dependent  mass  extinction  coefficient 
over  the  lint-  of  sight  to  provide  the  optical  depth).  The  application  of  a  constant  mass  extinction 
coefficient  throughout  the  cloud  has  generally  been  successful  for  smoke  obscurants.  However,  it  is 
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FIGURE  32.  DIRT  II  ARTY  A-3  PASOUILL  CATEGORY. 
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not  clear  that  It  Is  as  applicable  to  dust  clouds,  where  gravitational  settling  will  eventually 
produce  significant  changes  In  the  optical  properties  of  the  lofted  dust.  Sensitivity  to  gravitational 
settling  will  now  be  addressed. 

The  present  model  permits  an  extremely  detailed  Investigation  of  the  time  dependence  of  size 
distributions  and  mass  extinction  coefficient  within  the  lofted  cloud.  The  Initial  size  distribution 
of  In-situ  soil  is  partitioned  Into  a  series  of  "bins"  ranging  from  1  micrometer  diameter  particles  to 
particles  larger  than  200  micrometers  In  diameter,  For  the  present  study  19  Intervals  were  chosen. 

The  theoretical  extinction  at  each  wavelength  Is  computed  from  Mle  theory  for  the  particles  at  each 
interval.  Transport  and  diffusion  of  each  si2e  range  Is  treated  separately,  with  the  Inclusion  of  an 
appropriate  gravitational  settling  velocity.  Thus,  the  model  predicts  the  fallout  of  the  larger 
particles  with  time  and  the  resulting  change  In  extinction  properties  for  different  regions  within  the 
overall  cloud. 

The  present  study  assumes  the  In-situ  soil  to  be  that  of  the  DIRT- 1 1  site,  which  Is  approximately 
25%  clay  (less  than  2pm),  50%  silt  (2  to  SOum)  and  25%  sand  (greater  than  50um).  Internally  the  model 
assigns  size  distributions  to  each  soil  range.  Clay  Is  taken  to  be  log-normal  with  mean  diameter  0.5pm 
and  sigma  of  2.3.  Silt  Is  taken  to  be  log-normal  with  mean  diameter  of  25pm  and  sigma  of  1.4.  Sand  Is 
assumed  to  be  power  law  distributed  over  diameters  from  100  to  1000pm  with  exponent  4.  These  assign¬ 
ments  are  somewhat  arbitrary  but  provide  a  reasonably  smooth  overall  distribution.  The  motivation  In 
model  development  based  on  these  size  ranges  Is  to  provide  contact  with  simple  observables. 

Assigned  refractive  Indices  are  given  In  Table  III.  The  HE  produced  carbon  component,  nominally 
scaled  as  0.3  pounds  per  pound  of  TNT,  Is  assumed  log-normal  with  mean  diameter  of  0.5pm  and  sigma  of  2. 
The  carbon  component  Is  mixed  with  the  dust  size  Intervals  for  the  purpose  of  diffusion  computations. 
Table  IV  shows  the  relevant  distribution  and  extinction  parameters  for  the  Initial  lofted  dust  cloud. 

The  analysis  will  now  focus  on  the  particular  case  of  trial  ARTY  A-3.  The  type  and  depth  of  burst 
of  the  munition  does  affect  the  Initial  upward  dynamic  velocities  of  the  soil,  and  meteorological 
conditions  can  affect  the  time  required  for  the  various  size  components  to  reach  the  ground.  However, 
this  trial  Is  fairly  representative  of  the  magnitude  of  the  effects  which  will  be  considered. 
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TABLE  IV.  INITIAL  LOFTED  SIZE  GROUP  PARAMETERS 


DIAMETER 

MASS  FRACTION 

MASS  EXTINCTION  (m2/g) 

FALL  VELOCITY 

(um) 

0.55wm 

10. 4um 

(m/s) 

1.0 

0.00716 

2.702 

0.0333 

.00 

2.0 

0.02258 

0.965 

0.0556 

.00 

3.0 

0.02378 

0.584 

0.1243 

.00 

5.0 

0.03498 

0.422 

0.295 

.00 

7.0 

0.02098 

0.328 

0.344 

.00 

10.0 

0.01642 

0.271 

0.225 

.01 

20.0 

0.02996 

0.216 

0.125 

.03 

30.0 

0.09829 

0.192 

0.0945 

.07 

40.0 

0.14480 

0.185 

0.0852 

.13 

50.0 

0.12210 

0.182 

0.0805 

.20 

60.0 

0.07047 

0.181 

0.0790 

.28 

70.0 

0.03139 

0.180 

0.0779 

.38 

80.0 

0.01214 

0.179 

0.0771 

.49 

100.0 

0.00600 

0.179 

0.0764 

.74 

120.0 

0.03902 

0.178 

0.0757 

1.02 

140.0 

0.03550 

0.178 

0.0753 

1.31 

160.0 

0.03381 

0.177 

0.0750 

1.61 

180.0 

0.03363 

0.177 

0.0748 

1.91 

200.0 

0.04220 

0.154 

0.0654 

2.20 

Figure  35  shows  the  time  dependence  of  the  lofted  mass  over  120  seconds.  The  main  cloud  buoyantly 
lifts  approximately  90L  of  the  dust.  Over  120  seconds  most  of  the  main  cloud  remains  lofted,  and 
little  change  is  observed  In  the  total  airborne  mass.  The  base  cloud,  however,  is  not  buoyant.  A  large 
percentage  of  its  mass  is  thus  deposited  on  the  ground  over  a  relatively  short  period  of  time.  Since 
the  line  of  sight  is  often  within  a  few  meters  of  the  ground  on  the  battlefield,  the  base  cloud  Is  of 
particular  Importance. 


Figure  36  shews  the  change  in  mass  distribution  with  time.  The  Initial  mass  median  diameter  Is 
47sm.  After  25  seconds  the  mass  median  diameter  Is  reduced  to  35ym  in  the  main  cloud  and  to  25um  In 
the  base  cloud  with  virtually  no  particles  larger  than  140um  in  the  main  cloud  and  none  larger  than 
70„m  In  the  base  cloud.  After  120  seconds  the  distribution  has  further  shifted,  with  a  34gm  mass 
median  diameter  In  the  main  cloud  and  7gm  In  the  base  cloud.  All  particles  larger  than  llOum  In  the 
main  cloud  and  larger  than  45um  In  the  base  cloud  have  been  deposited  on  the  ground. 
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The  extinction  produced  by  the  dust  cloud  Is  different  for  each  wavelength  and  is  very  dependent 
on  the  size,  number  and  refractive  index  of  the  dust  particles,  as  can  be  seen  In  Table  IV,  with 
greatest  weight  from  the  smaller  particles  due  to  their  larger  numbers.  Thus  the  loss  of  the  larger, 
more  massive  particles  has  a  lesser  effect  on  the  change  in  extinction  than  would  the  corresponding 
loss  in  mass  of  small  particles.  Figure  37  shows  the  predicted  value  of  the  mass  extinction 
coefficient  with  time.  In  computing  the  values  in  Figure  37  we  have  purposely  averaged  over  only  the 
remaining  lofted  dust.  The  values  thus  represent  the  extinction  coefficient  which  would  be  the 

measured  average  of  a  large  number  of  samples  throughout  the  main  and  base  clouds.  Over  120  seconds 

2 

the  predicted  average  mass  extinction  for  all  remaining  lofted  mass  increases  from  0.26  m  /g  to  0.29 

2  2  2 
m  /g  at  0.55  micrometers  wavelength  and  from  0.10  m  /g  to  0.11  m  /g  at  10.4  micrometers  wavelength.  An 

2  2 

average  only  over  the  base  cloud  predicts  an  increase  to  0.50  m  /g  in  the  visible  and  0.16  m  /g  at  10.4 
micrometers  wavelength. 

Greatest  variation  in  mass  extinction  coefficient  occurs  when  one  considers  the  change  at  a  single 
point  or  along  a  narrow  optical  path.  Figure  38  shows  the  computed  mass  extinction  coefficient  for 
the  transmissometer  line  of  sight  during  the  period  from  8  to  30  seconds  when  obscuration  is  appreciable. 
Detailed  examination  of  the  predicted  positions  of  the  Size  components  shows  that  the  ' ase  cloud  passes 
almost  entirely  below  the  optical  path,  while  the  main  cloud  passes  through  and  somewhat  above  the 
optical  path.  As  a  result,  extinction  is  due  primarily  to  the  lower  portion  of  the  main  cloud  which 

Is  more  concentrated  with  the  larger  size  groups  than  is  the  upper  part  of  the  main  cloud  or  the  base 

2  2 

cloud.  The  mass  extinction  increases  from  0.20  m  /g  to  0.27  m  /g  and  then  returns  to  a  value  of 
2 

0.20  m  /g  in  the  0.55  micrometer  wavelength  region.  The  corresponding  change  for  10.4  micrometers 

2  2  2 
wavelength  Is  from  0.083  m  /g  to  a  maximum  of  0.101  m  /g  and  returns  again  to  0.083  m/g. 

Sensitivity  of  the  mass  extinction  parameter  to  the  evolution  of  the  cloud  and  the  position  of 
the  line  of  sight  within  It  seems  to  Indicate  that  a  single,  constant  mass  extinction  parameter  Is 
Insufficient  to  characterize  an  artillery  produced  dust  cloud.  An  error  In  this  quantity  of  ±50T 
results  in  an  error  range  in  transmittance  of  T05  to  T1'5, 
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5.  CONCLUSIONS 


The  first  phase  of  dust  cloud  modeling  governs  the  cratering  and  initial  cloud  properties.  The 
largest  uncertainty  lies  in  the  correct  determination  of  the  actual  amount  of  crater  material  which  Is 
lofted  and  remains  airborne.  Of  secondary  Importance  is  the  shape  and  size  of  the  initial  buoyant 
cloud  and  non-buoyant  dust  skirt.  Using  the  lofted  crater  mass  parameter,  Lcm>  as  the  variable, 
comparisons  with  test  data  showed  that  the  larger  values  of  l_cm  gave  the  better  fits.  This  is  mainly 
because  a  cased  artillery  shell  gives  a  larger  crater  than  an  equivalent  bare  charge  for  a  given 
placement  and  soil  type. 

The  second  phase  of  dust  cloud  modeling  deals  with  transport  and  diffusion.  Four  parameters  were 
varied  here.  The  first,  the  explosive  energy  partitioned  to  the  Initial  cloud,  Ep,  Influences  the 
inlti.l  size  of  the  main  cloud,  „nd  hence  the  base  cloud  which  Is  scaled  to  the  main  cloud,  and  the 
rise  and  expansion  of  the  main  clout  during  its  buoyant  period.  Increasing  Ep  tends  to  reduce  the 
calculated  transmittance  because  the  larger  base  cloud  and  more  rapidly  expanding  main  cloud  usually 
place  more  mass  Into  the  transmlssometer  line  of  sight.  The  second  parameter  P  ,  the  Pasqulll  category, 
Is  a  quantification  o^  atmospheric  stability.  Allowing  the  Pasqulll  parameter  to  assume  higher  values, 
l.e.,  to  represent  a  more  unstable  or  turbulent  atmosphere.  Is  similar  In  its  effect  to  increasing  the 
previous  parameter  Ep.  Higher  values  of  P$  tend  to  cause  lower  simulated  values  of  transmittance 
because  more  of  the  cloud  Is  able  to  diffuse  Into  the  line  of  sight.  P$  is  varied  In  discrete  steps, 
while  nature  varies  In  a  continuous  manner;  therefore  a  certain  amount  of  care  should  be  taken  In 
correctly  estimating  a  value  of  P$  to  be  used  for  modeling.  The  third  parameter,  the  wind  speed, 
directly  affects  the  transport  of  the  cloud.  But  Its  variation  within  a  reasonable  range  was  shown 
to  have  a  small  effect,  particularly  when  the  cloud's  path  was  more  or  less  parallel  to  the  line  of 
sight.  The  fourth  parameter,  the  wind  direction,  also  affects  the  transport  of  the  cloud.  However, 
small  variations  of  the  wind  direction  were  found  to  produce  large  changes  In  simulated  transmittance, 

In  this  case  particularly  when  the  cloud  path  was  along  the  line  of  sight.  Therefore,  of  the  four 
parameters  in  the  transport  and  diffusion  phase  of  dust  cloud  modeling,  Ep  and  P$  were  found  to  have 
similar  effects,  the  wind  speed  was  found  to  be  of  minor  importance,  and  the  wind  direction  was  of 
major  Importance. 

The  third  phase  of  dust  cloud  modeling  deals  with  transmission  through  the  cloud.  The  important 
quantities  here  are  the  particle  size  distribution  and  the  indices  of  refraction.  The  particle  size 
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was  chosen  as  the  parameter  to  be  varied.  The  best  approach  has  been  to  divide  the  soil  up  Into 
component  parts,  such  as  sand,  silt  and  clay,  which  can  be  determined  from  soil  analysis,  and  then 
assign  a  particle  size  distribution  and  set  of  refractive  Indices  to  each  component.  These  sets  of 
size  distributions  are  then  taken  to  be  present  In  the  Initial  cloud  In  the  same  proportion  as  In  the 
soil.  The  variation  of  the  soil  components  can  then  change  the  relative  transmlttances  of  visible  and 
Infrared  wavelengths. 

Gravitational  settling  was  found  to  have  a  major  Influence  on  the  mass  extinction  coefficient  at 
different  points  within  the  cloud.  A  given  mass  of  small  dust  particles  was  found  to  provide  greater 
extinction  than  the  same  mass  of  large  particles.  Thus,  as  larger  particles  settle  downward,  the 
remaining  body  of  the  cloud  has  higher  extinction  per  unit  remaining  lofted  mass. 

Thus,  all  three  phases  of  modeling  of  dust  clouds  from  artillery  explosions  are  sensitive  to 
model  parameters  which  can  not  always  be  Specified  with  high  precision.  The  magnitudes  of  the  changes 
In  transmission  produced  by  reasonable  changes  or  uncertainties  are  comparable  In  several  of  these 
model  parameters.  Areas  have  been  Identified  In  which  further  model  development  Is  necessary.  These 
Include  the  early  dynamic  phase  of  cloud  formation,  variations  In  density  within  the  cloud,  and 
variation  In  meteorological  parameters  over  the  time  scale  considered. 
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ABSTRACT 

Problems  of  short-term  dispersion  of  battlefield  smoke  and  dust  are  particularly  sensitive  to 
source  properties  and  boundary  layer  structure.  These  complexities  render  questionable  the  utility  of 
the  usual  Gaussian  plume  model;  however,  a  stochastic  modeling  approach  has  been  found  useful  in  this 
regard.  The  aerosol  dispersion  is  simulated  by  a  finite  number  of  pseudo  particles  whose  motion  Is 
statistically  consistent  (within  the  limits  of  current  knowledge)  with  the  elementary  Lagrangian  prop¬ 
erties  of  the  lower  boundary  layer. 

A  scheme  has  been  devised  for  systematic  parameterization  of  a  discrete  set  of  model  solutions. 

The  boundary  layer  structure  is  functionally  characterized  in  terms  of  two  parameters;  namely,  stabil¬ 
ity  and  wind  speed  categories.  Given  the  source  properties,  stochastic  model  solutions  are  then  deter¬ 
mined  corresponding  with  these  discretized  parameters.  Finally,  a  mathematical  process  is  used  to 
create  a  single  multivariate  model  from  the  discrete  set  of  model  solutions,  resulting  in  a  fast  and 
compact  "model  of  a  model."  The  computational  speed  and  simplicity  of  this  model  renders  It  Ideal  for 
combat  simulation  problems  where  very  large  numbers  of  1 ine-of-sight-obscuratlon  calculations  are 
required. 


1.  INTRODUCTION 

Battlefield  obscurants,  in  particular  smoke  munitions,  can  impact  heavily  on  the  effectiveness  of 
extant  and  proposed  weapon  systems.  Since  models  are  a  viable  tool  in  system  evaluations  and  war  gam¬ 
ing,  there  is  a  need  to  develop  simple  but  realistic  battlefield  diffusion  models  to  relate  propagation 
conditions  to  meteorology. 

The  obscuration  effectiveness  of  smoke  munitions  depends  in  part  on  their  design  and  composition. 
Although  many  of  the  older  munitions  are  highly  exothermic,  newer  designs  produce  aerosols  with  little 
buoyancy  and  thus  they  act  as  ground  level  sources.  Non-buoyant  smokes  are  more  effective  in  reducing 
ground  level  Intervisibility.  A  dispersed  munition  (area  or  multipoint  source)  is  also  more  effective 
as  a  consequence  of  spatial  diversity.  Aside  from  these  controllable  design  features,  the  smoke  effi¬ 
cacy  Is  also  profoundly  affected  by  atmospheric  conditions.  The  wind  direction  alone  is  often  the 
deciding  factor  between  obscuration  or  not;  and  the  wind  speed  and  turbulence  contribute  to  the  smoke 
transport  and  vertical  cloud  growth.  In  most  instances,  the  obscuration  due  to  a  single  smoke  munition 
is  short-lived  due  to  relatively  rapid  atmospheric  dispersion. 


The  objective  of  this  report  Is  to  describe  the  development  of  a  simple  model  that  provides  a  sys¬ 
tematic  parameterization  of  short-term  dispersion  from  ground  level  sources  with  particular  application 
to  smoke  munitions. 
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2.  DISPERSION  MODELING 

Gifford1  has  noted  that  there  are  three  approaches  from  which  useful  working  models  of  atmospheric 
diffusion  can  be  derived  by  analytical  techniques.  These  are  statistical  theory,  gradient-transfer  or 
K-theory,  and  similarity  theory.  Of  these,  the  first  has  seen  the  most  use  because  of  ease  of  appli- 
cation.  This  approach,  as  manifest  in  the  ORG-17  report  by  MiWey,  has  in  the  past  dominated  the 
characterization  of  smoke  and  chemical  munition  behavior.  However,  the  conventional  statistical  theory 
has  shortcomings  when  applied  to  the  battlefield  obscuration  problem.  Because  of  the  brevity  of  smoke 
obscuration,  it  is  essential  that  correct  modeling  of  the  source  function  in  space  and  time  be  assured 
in  order  to  obtain  accurate  modeling  of  the  smoke  distribution.  The  commonly  used  assumption  that  the 
pollutant  soon  "forgets"  the  detailed  source  properties  is  not  a  valid  justification  for  the  gross  sim¬ 
plification  of  the  source  function  as  is  manifest  in  most  statistical  theory  models. 

The  problem  of  ground  level  sources  has  lonq  been  the  nemesis  of  the  conventional  statistical 
theory  approach.  Ambiguities  arise  since  the  plume/puff  obviously  cannot  be  transported  downwind  by 
the  speed  at  the  source  since  the  wind  vanisnes  at  ground  level.  This  may  not  be  significant  for 
intermediate  and  long  range  diffusion  problems  but  is  serious  for  short-term  dispersion.  Indeed,  the 
extreme  Inhomogeneity  of  the  wind  and  turbulence  (particularly  scale  properties),  as  manifest  in  the 
Surface  boundary  layer,  calls  into  question  the  very  basis  for  the  conventional  statistical  theory 
approach.  Neither  the  gradient-transfer  nor  similarity  theory  approaches  appear  as  viable  options  for 
modeling  battlefield  obscuration  because  the  former  is  Inappl 1c«bi2  to  short-term  diffusion,  and  the 
latter  lacks  generality. 

Seeking  an  alternative,  the  authors,^  following  the  lead  of  Hanna11  and  others,  applied  a  relatively 
simple  pseudopartlde  model  to  the  problem  of  simulating  battlefield  dispersion  of  smoke.  The  success 
of  that  effort  encouraged  the  authors  to  further  apply  the  approach  to  the  development  of  the  simple 
smoke  obscuration  model  described  here.  The  solution  simulates  the  actual  dispersion  by  tracing  the 
life  histories  of  a  finite  number  of  pseudoparticles  which  act  as  surrogates  'or  small  parcels  of  the 
real  aerosol.  The  trajectory  of  a  particle  can  be  determined  by  lagrangian  time  integration  of  its 
velocity.  The  velocity  of  the  pseudoparticle  is  the  sum  of  the  mean  velocity,  at  the  position  of  the 
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particle,  and  a  turbulent  velocity  fluctuation. 

11,(0  =  u  [z, ( t)]  +  u’  (t),  (1) 

where  U,  Is  the  x-component  velocity  of  the  1-th  pseudoparticle,  U  Is  the  mean  velocity.  The  fluctua¬ 
tion  Is  Itself  a  sum  of  an  inertial  velocity  which  remembers  Its  past  history  and  a  stochastic  velocity 
which  Is  completely  random.  For  model  Implementation  with  finite  time  step  dt,  the  memory  Is  expressed 
In  the  next  equation  by  an  exponential  Lagranglan  correlation  function  R^  with  Lagranglan  time  scale  T^. 

Uf'(t)  =  uj  (t-dt)  •  RLx(dt/TLx)  +u‘'(t)  (2) 

The  random  fluctuation  U1 '  has  a  guasslan  distribution  with  variance 

(U")2  *  (Li')2  '  [’  *  REx(dt/TLx}  ]’  (3) 

where  the  fluctuation  variance  on  the  right  Is  the  prescribed  local  Eulerlan  value.  The  trajectories 
of  the  pseudoparticles  for  a  prescribed  wind  and  turbulence  Structure  can  be  evaluated  by  the  following 
equation 

if  i 

X,(t)  ■  X, ( t-dt)  ♦  ?dt-[u,(t)  +  U,  (t-dt)  J  (4) 

when  the  Initial  time,  position,  and  velocity  are  specified.  The  Initial  conditions  are  derived  from 
the  smoke  munition  source  properties  except  that  the  Initial  particle  velocity  Is  taken  to  be  o  random 
variable,  related  to  the  turbulence  structure,  added  to  any  systematic  source  emission  velocity. 

Complex  source  properties  are  not  difficult  to  handle  with  this  approach. 

The  concentration  field  of  the  real  aerosol  can  be  estimated  by  evaluating  the  local  pseudopartlclc 
statistics  In  small  but  finite  space/time  boxes  In  the  region  of  Interest.  Generally,  a  very  large 
number  of  pseudoparticles  Is  required  for  the  simulation  to  obtain  a  reasonably  smooth  concentration 
field.  Herein  lies  the  major  shortcoming  of  this  model  approach.  Even  though  the  model  algorithm  Is 
simple  to  implement,  huge  amounts  of  computer  core  or  mass  storage  are  required  to  save  all  the  results. 
In  some  Instances  the  CPU  time  may  also  be  excessive.  Consequently,  this  approach  Is  not  suitable  for 
general  modeling  use.  However,  If  one  Is  willing  to  settle  for  a  reasonable  set  of  solutions  for 
various  "type"  situations,  the  model  can  be  executed  and  the  results  analyzed  definitively. 
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It  Is  sufficient  for  the  purposes  of  weapon  system  evaluation  that  the  smoke  obscuration  be  deter¬ 
mined  for  selected  smoke  munitions  and  typical  atmospheric  conditions  which  might  be  encountered  on  the 
battlefield.  Since  the  munition  properties  are  already  discretely  designed,  our  objective  can  be 
achieved  If  a  systematic  categorical  parameterization  of  the  wind  and  turbulence  structure  Is  specified. 


3.  BOUNDARY  LAYER  PARAMETERIZATION 


No  completely  satisfactory  means  for  parame¬ 
terizing  the  boundary  layer  structure  exists.  The 
popular  "similarity  theory"  Is  not  suitable  because 
It  Is  only  applicable  to  the  relatively  shallow 
surface  boundary  layer  and  Is  unnecessarily  compli¬ 
cated  for  the  purpose  at  hand.  A  more  general 
characterization  might  be  developed  with  second- 
order  closure  methods,  but  the  results  would  likely 
be  even  more  unwieldy.  An  acceptable  alternative 
to  the  various  theoretical  formulations  would  be  a 
straightforward  empirical  approach. 


TABLE  1 
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e 

Dumbauld  and  Bjorklund  have  published  a 
scheme  for  boundary  layer  parameterization  which 
has  been  found  quite  useful  for  diffusion  applica¬ 
tions.  This  method  uses  two  parameters,  the  net 
radiation  Index  (NRI),  as  proposed  by  Turner,®  and 
the  wind  categorized  In  five  classes  from  less  than 
1  meter  per  second  to  greater  than  7  meters  per 
second.  This  two-parameter  categorical  scheme  has 
35  (cx7)  possible  boundary  layer  states.  In  all 
cases,  the  wind  speed  (uj  and  turbulence 
are  represented  as  having  power-law  exponents, and 
5-meter  turbulence  values  have  been  assigned  to 
each  state  by  Dumbauld  and  Bjorklund  as  shown  In 
Tables  1  and  2.  This  scheme  quite  likely  lacks 
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generality  and  Is  probably  biased  towards  the  conditions  one  would  encounter  In  a  dry  continental  sit¬ 
uation  (western  U.S.  deserts).  Its  applicability  to  a  moist  maritime  regime  (e.g.i  Western  Europe)  may 
be  in  question.  In  particular,  Klug^  has  expressed  doubts  about  the  utility  of  the  NR  I  for  European 
applications.  Even  so,  the  Dumbauld-Bjorklund  scheme  surely  spans  most  of  the  typical  and  some  of  the 
extreme  conditions  which  might  be  encountered  by  a  weapon  system  on  the  battlefield. 

For  the  problem  at  hand,  it  is  necessary  to  parameterize  the  vertical  distribution  of  the  wind 
speed  (u),  the  standard  deviations  of  the  longitudinal,  lateral,  and  vertical  turbulence  fluctuations 
(oy,  Oy,  ow)  and  the  corresponding  Lagranglan  time  scales.  As  far  as  It  goes,  the  Dumbauld-Bjorklund 
scheme  has  been  adapted  to  this  end.  The  longitudinal  turbulence  is  evaluated  by  assuming  that 
Cy/oy  *  2. 5/2. 3.  The  most  difficult  problem  Is  to  parameterize  the  Lagranglan  time  scales.  This  is 
little  wonder  since  these  are  largely  unmeasurable  quantities  In  the  boundary  layer  near  ground  level 
where  the  turbulence  structure  is  especially  Inhomogeneous.  Any  parameterization  of  Lagranglan  time 
scales  is  highly  speculative.  Generally,  the  assumption  is  made  that  the  Lagranglan  time  scales  are 
proportional  to  ratios  of  Eulerlan  length  scales  divided  by  the  standard  deviations  of  the  respective 
velocity  fluctuations.  The  Eulerian  length  and  Lagranglan  time  scales  for  the  vertical  motion  are 
restricted  by  the  proximity  to  the  ground.  The  Eulerian  length  scale  tends  to  Increase  linearly  with 
height, although  this  is  modulated  by  the  effects  of  stability.  Hansen8  has  proposed  relationships  for 
the  Lagranglan  time  scales  which  are  based  on  similarity  theory.  Maintaining  the  spirit  of  the  Hansen 
approach  but  the  thrust  of  the  Dumbauld-Bjorklund  scheme,  the  Lagranglan  time  scales  for  the  problem 
at  hand  are  modeled  by  categorical  two-parameter,  power-law  relationships. 

4.  SOLUTIONS  OF  PSEUDOPARTICLE  DISPERSION 


At  this  point,  let  us  consider  a  few  examples.  Figure  1  shows  the  simulated  burn  rate  for  a  155 

9 

MM  M2  canister  of  HC  smoke.  This  Is  essentially  a  non-buoyant  point  source  at  ground  level  -  a  rela¬ 
tively  simple  munition.  The  smoke  Is  emitted  over  a  76  second  period. 


Figure  2  Illustrates,  In  the  downwind-vertical  plane,  the  smoke  cloud  from  the  canister  at  50  and 
200  seconds  after  the  start  of  the  burr.  There  Is  a  2  to  1  vertical  exaggeration.  The  atmospheric 
conditions  are  NRI  equal  0  and  wind  speed  of  2M/sec.  Only  800  particles  have  been  used  but  that  is 
enough  to  Illustrate  the  general  appearance  of  the  cloud.  It  should  be  noted  that  the  cloud  has  a 
distinct  s i ope  due  to  the  wind  shear.  Particles  near  the  ground  tend  to  drag  behlnu  while  particles 
higher  up  are  running  away. 
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Figure  1.  Particle  Source  Function  for  155  MM  M2 
Canister.  Release  Rate  (thin  line),  Accumulative 
number  (thick  line). 

Figure  3  represents  the  same  situation  except 
for  a  NRI  of  4.  Naturally  there  Is  more  vertical 


Figure  2.  Downwind-vertical  plane  projection  of 
pseudoparticle  positions  at  50  and  200  seconds 
following  Initiation  of  particle  release.  Two 
times  vertical  exaggeration.  0  Net  Radiation 
Index  (Neutral),  2m/sec.  wind  at  5m. 

[  505  PARTICLES  AFTER  50  SECONDS 


growth  of  the  cloud  due  to  the  Instability.  As 
shown  In  these  Illustrations,  the  pseudoparticle 
dispersion  model  Is  a  viable  approach  for  realistic 
simulation  of  battlefield  smoke  obscuration.  The 
representation  of  complex  source  properties  such 
as  the  XM825  should  be  elementary,  and  the  model 
readily  copes  with  heterogeneous  boundary  layer 
structures.  The  boundary  layer  parameterization, 
combined  with  the  dispersion  model,  provides  the 
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800  PARTICLES  RFTZR  200  SECONDS 
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,  4  ■ - - 
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U  =  2  m/sec  NRI  =  4 
Figure  3.  Same  as  Figure  2  except  4  Net  Radla-  . 
tlon  Index  (unstable). 


means  for  the  categorical  representation  of  a  wide  range  of  obscuration  effects  from  various  smoke 
munitions.  Solutions  have  been  calculated  for  several  selected  smoke  munitions.  The  vast  amounts  of  . 


resultant  pseudoparticle  space/time  position  data  have  been  further  analyzed  and  reduced  to  estimates 
of  the  smoke  concentration  at  the  centers  of  gravity  of  a  relatively  large  number  of  discrete  space/ 
time  boxes  In  the  region  of  Interest.  Even  at  this  stage,  a  very  large  amount  of  highly  specific  data 


exists  which  must  be  further  generalized  to  achieve  the  objective.  This  generalization  Is  done  by 
creating  a  model  of  the  model. 
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5.  MODEL  OF  A  MODEL 


Goldstein  and  Dushane1^1  have  described  the  concept  of  a  mathematical  process  that  they  call  repro- 
modellng  and  which  can  be  applied  to  the  simplification  of  quite  complex  computer  models.  Briefly,  the 
concept  Involves  the  representation  of  one  dependent  variable,  which  Is  a  single-valued  function  of  a 
number  of  Independent  variables,  by  a  piecewise  continuous  hypersurface  which  Is  constructed  from  the 
Intersection  of  hyperplanes.  The  proposition  Is  that  the  complex  functions  can  be  locally  approximated 
by  simple  linear  functions,  provided  there  are  enough  of  the  latter.  The  process  In  ves  the  analysis 
of  a  finite  number  of  discrete  data  points  for  the  selection  of  the  hyperplane  coefficients  so  as  to 
minimize  the  squared-error  of  fit  to  the  values  of  the  dependent  variable. 


For  our  problem,  the  smoke  concentration  Is  a 
function  of  the  space/time  variables,  wind  speed, 
NRI,  and  munition  type.  The  latter  two  are 
strictly  categorical  variables  and  therefore  are 
not  used  continuous  Independent  variables.  The 
wind  speed  Is  a  hybrid  variable;  we  have  chosen  to 
model  It  as  continuous  to  obtain  a  more  general 
model.  For  each  combination  of  munition  type  and 
NRI,  the  gross  properties  of  the  cloud  are  calcu¬ 
lated  as  functions  of  time  and  wind  speed.  Two 
examples  are  Illustrated  In  Figure  4.  We  presume 
a  sloping  axis  to  the  cloud.  In  the  Figure,  XBAR 
and  shift  are  the  downwind  position  of  the  Inter¬ 
section  of  the  axis  with  the  ground,  and  the  shift 
of  that  axis  with  height,  respectively.  Sigma  X 
and  sigma  Z  are  the  square  roots  of  the  X  and  Z 
second-moments,  respectively.  Sigma  X  Is  deter¬ 
mined  relative  to  the  sloping  axis  and  sigma  Z 
relative  to  the  ground.  These  properties  behave 
peculiarly  during  the  munition  burn,  but  settle  down 


NRI  -  0  NRI  •  4 


Figure  4.  Gross  statistical  properties  of  the 
particle  cloud  as  a  function  of  time  for  the 
cases  Illustrated  In  figures  2  and  3. 

XBAR:  Downwind  distance  from  source  of  the  cloud 
axis  Intersection  with  the  ground. 

SHIFT:  Shift  of  cloud  axis  with  height  (Inverse 
of  axis  slope). 

SIGX:  Square  root  of  along-wlnd,  second  moment 
relative  to  cloud  axis. 

SIGZ:  Square  root  of  vertical  second  moment 
relative  to  ground. 

soon  after,  The  next  step  Is  to  normalize  the 


particle  position  data  relative  to  the  gross  cloud  properties.  The  particle  concentrations  In  an  array 
of  normalized  bins  are  calculated.  These  concentrations  are  further  normalized  by  means  of  a  simple 
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bivariate  quadratic  rational  function.  From  these  data,  a  set  of  hyperplane  coefficients  Is  generated 
to  represent  the  normalized  concentration  as  a  function  of  time,  normalized  position  and  wind  speed  at 
five  meters.  This  process  of  repro-model Ing  provides  us  with  a  single  multivariate  model  from  the 
discrete  set  of  model  solutions,  resulting  in  a  fast  and  compact  "model  of  a  model." 


Figure  5  gives  a  rough  Idea  of  what  Is  being 
done  with  the  repro-model Ing.  Illustrated  Is  ^ne 
munition,  NRI,  wind  speed,  and  time.  The  lines 
are  the  repro-model  representation  of  the  contours 
of  the  cross  wind  Integrated  concentration  for  the 
smoke  cloud.  This  can  be  almost  as  easily  trans¬ 
lated  Into  transmission  through  the  cloud  at  a 
given  wave  length;  thus,  relating  propagation 
conditions  to  meteorology. 


REPRO-MODEL  REPRESENTATION 

OF  PARTICLE  MODEL  RELATIVE  CONCENTRATIONS 

CONTOUR  VALUESi  1,  2,  4.  0 

see  PARTICLES  AFTER  200  SECONDS 


0  50  100  150  200  250  300  350  400  450  500 

U  =  2  m/sec  NRI  =  0 

Figure  5.  Relative  concentration  contours  for 
repro-model  solution  corresponding  with  figure 
2.  Four  times  vertical  exaggeration. 


6.  CONCLUSION 

The  stochastic  pseudoparticle  approach  Is  a  very  powerful  method  for  simulating  the  dispersion  of 
atmospheric  aerosols.  It  Is  Intellectually  honest;  one  pretty  much  knows  where  he  stands  with  this 
model  approach.  It  offers  the  opportunity  to  relate  the  dispersion  to  measurable  atmospheric  variables 
which  furthermore  can  be  modeled  or  parameterized. 

The  idea  of  modeling  a  model  Is  Intriguing.  There  are  numerous  models  which  are  basically  sound 
but  too  complicated  for  operational  use.  But,  If  some  compromise  can  be  made  In  regard  to  generality, 
repro-model Ing  provides  a  method  for  translating  a  finite  number  of  model  solutions  for  various  cate¬ 
gories  of  conditions  Into  a  usable  operational  model.  Of  course,  there  will  be  errors  In  the  repro- 
model  fit,  but  with  sufficient  care  and  effort,  these  ought  to  be  reducible  to  acceptable  limits  In 
the  light  of  other  uncertainties  associated  with  the  problem. 
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The  repro-model Ing  of  the  stochastic  model  solutions  ’eads  to  a  very  elementary  but  realistic 

model  for  the  parameterization  of  battlefield  obscurants.  The  computational  speed  and  simplicity  of 

this  mode)  renders  It  Ideal  for  combat  simulation  problems  where  very  large  numbers  of  1 Ine-of-slght- 

obscuratlon  calculations  are  required. 
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ERROR  BOUNDS  FOR  SMOKE  OBSCURATION  MODELS  (U) 

Marvin  D.  Smith,  James  R.  Rowland  and  D.  Mark  Anderson 
Division  of  Engineering,  Technology  and  Architecture 
Oklahoma  State  University 
Stillwater,  OK  74078 

ABSTRACT  (U) 

(U)  A  Stochastic  Utilization  and  Performance  Extension  Routine  (SUPER)  has  been  developed  as  a 
general  model  for  providing  error  bounds  for  smoke  obscuration  models.  This  error  model  has  been  ap¬ 
plied  to  the  Smoke  Effectiveness  Manual  Model  (SEMM)  to  determine  error  bounds  on  concentration-length 
(CL)  due  to  random  variations  In  wind  speed.  This  combined  error/smoke  obscuration  model,  referred  to 
as  the  SUPER/SEW  model,  uses  Monte  Carlo  simulation  techniques  to  help  identify  the  probability  den¬ 
sity  of  CL  for  selected  ranges  of  wind  speed  variations.  Confidence  intervals  are  determined  from 
these  Monte  Cbrlo  runs  to  provide  the  desired  error  bounds.  Us*ng  a  given  anti-tank  guided  missile 
(ATGM)  threshold,  a  probability  of  obscuration  curve  is  determined  as  a  function  of  observation  time. 

(U)  Comparisons  are  made  between  existing  smoke  data  and  the  SUPER/SEMM  model  to  determine  whe¬ 
ther  these  error  bounds  contain  the  expected  percentage  (95%)  of  the  observed  smoke  data.  Implications 
with  regard  to  model  evaluations  are  discussed. 

1.  INTRODUCTION  (U) 

(U)  Virtually  all  smoke  obscuration  models  developed  to  date  produce  nominal,  or  average,  outputs 
when  given  nominal  inputs  [1-4J.  These  deterministic  models  require  as  Inputs  such  Information  as  aver¬ 
age  wind  speed,  average  temperatures  and  average  humidity  readings.  Clearly,  random  variations  occurr¬ 
ing  in  these  Inputs  affect  correspondira  values  of  output  variables.  Yet  deterministic  models  Ignore 
random  influences  and  provide  only  average  output  responses.  Differences  between  deterministic  model 
outputs  and  field  test  data  are  difficult  to  assess  because  the  extent  of  expected  random  fluctuations 
about  the  deterministic  model  output  responses  Is  not  known. 

(U)  A  more  suitable  methodology  Is  to  form  a  stochastic  model  which  allows  random  variations  but 
Is  based  on  a  deterministic  model  structure.  Using  the  same  structure  for  stochastic  models  as  for  the 
deterministic  models  Insures  that  first  principles  have  been  primary  In  their  construction.  However, 
the  Incorporation  of  random  variations  in  the  stochastic  model  permits  a  more  realistic  comparison  with 
field  test  data.  Additional  Inputs  required  for  the  stochastic  model  are  variances  and  correlations  of 
all  random  inputs.  These  random  Inputs  propagate  through  the  stochastic  model  to  yield  corresponding 
random  variations  In  the  output.  Therefore,  error  bounds  can  be  formed  for  these  expected  output  ran¬ 
dom  variations. 

(U)  This  paper  describes  a  Stochastic  Utilization  and  Performance  Extension  Routine  (SUPER)  which 
provides  error  bounds  for  smoke  obscuration  models.  While  generally  applicable  to  a  broad  class  of 
smoke  obscuration  models,  SUPER  is  applied  exclusively  in  this  paper  to  the  Smoke  Effectiveness  Manual 
Model  (SEMM).  Error  bounds  corresponding  to  95%  confidence  intervals  are  calculated  for  concentration- 
length  (CL).  These  error  bounds  are  then  transformed  to  yield  a  curve  of  probability  of  obscuration 
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versus  observation  time.  This  curve  provides  a  range  of  obscuration  probabilities  rather  than  only  the 
average  time  obscured  as  obtained  from  the  deterministic  model  (SEMM). 

2.  THE  SUPER  MODEL  (U) 

(U)  The  Stochastic  Utilization  and  Performance  Extension  Routine  (SUPER)  developed  here  can  be 
applied  to  a  general  deterministic  model  to  yield  expected  error  bounds  on  Its  output  variables.  Fig¬ 
ure  1  shows  the  structure  of  the  Monte  Carlo  version  of  the  SUPER  model  In  a  wrap-around  fashion  Incor¬ 
porating  SEMM.  This  application  to  SEMM,  referred  to  as  SUPER/SEMM,  Is  typical  of  the  range  of  appli¬ 
cations  for  which  the  SUPER  model  concept  can  be  used.  In  each  of  these  applications,  the  existing  de¬ 
terministic  model  forms  the  core  of  the  combined  stochastic  model. 

(U)  SUPER/SEMM  requires  sample  time  functions  of  random  Inputs  such  as  wind  speed.  It.  addition 
to  mean  values,  variances  and  correlations  of  these  random  inputs  are  required.  Uniformly-distributed 
pseudorandom  numbers  can  be  easily  generated  on  the  digital  computer  and  then  transformed  to  Gaussian- 
ly-dlstributed  pseudorandom  numbers  with  zero  mean  and  unity  variance.  Inserting  the  desired  mean  and 
variance  and  holding  these  generated  values  constant  over  small  time  intervals  yields  a  discrete-tiine 
approximation  to  a  Gaussian  white  noise  process.  A  shaping  filter  can  be  used  to  achieve  the  desired 
correlation  property.  For  example,  correlated  wind  speed  sample  functions  can  be  obtained  from 


Xi  *  x2 

x2  =  -(a*  +  B*)  Xj  -  2ax2  +  2a  wc(t) 
u(t)  *  C<  X!  +  x2 


where  a  =  0.0063  and  3  =  m/llQIn  consistent  units.  In  (1),  wc ( t )  Is  the  Gaussian  white  noise  process, 
X]  and  x2  are  Internal  state  variables,  and  u(t)  Is  the  correlated  random  input  (wind  speed).  The  use 
of  these  wind  speed  sample  functions  is  shown  in  Figure  1. 


3.  THE  SEMM  MODEL  (U) 


(U)  While  the  SUPER  model  is  applicable  to  a  broad  class  of  smoke  obscuration  models,  its  speci¬ 
fic  application  to  SEW  in  the  remainder  of  this  paper  makes  It  Important  to  consider  the  inputs  and 
outputs  of  SEMM  more  carefully.  Examining  these  SEMM  inputs  and  outputs  provides  the  necessary  inter¬ 
face  between  th,  deterministic  model  and  the  wrap-around  SUPER  model,  as  shown  in  Figure  1. 

(U)  The  key  equation  in  SEMM  for  CL  is 


CL 
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where  Q,  X,  and  ft  are  munition  parameters,  DX,  DY,  and  DZ  are  direction  cosines,  and  A  and  S  are  func- 
tlons  of  the  burst  centroid  location  (xcent,  ycent,  zB)  and  Its  standard  deviations.  These  standar 
deviations  at  any  time  t  are 


where  the  exponents  a  and  e  are  functions  of  the  temperature  gradient  and  U  Is  the  average  wind  speed. 
Values  of  A,  B,  and  C  are  given  by 


where  ox$,  o^s,  and  <?2S  are  initial  standard  deviations.  Further  details  are  given  In  [l]. 

(U)  Figure  2  shows  a  curve  of  CL  along  a  particular  llne-of-sight  for  Smoke  Phase  1 1 A ,  Trial  5, 
together  with  corresponding  field  test  data.  The  Inherent  question  arising  in  the  evaluation  of  SEMM 
results  In  comparison  with  test  data  Is  how  to  quantify  expected  random  variations  In  CL.  Using  SEMM 
alone  yields  no  answer  to  this  question;  SUPER/SEW  provides  the  desired  error  bounds. 

4.  ERROR  BOUNOS  FROM  SUPER/SEMM  (U) 

(U)  The  Monte  Carlo  version  of  SUPER/SEMM  shown  in  Figure  2  was  used  to  obtain  error  bounds  for 
the  case  considered  In  Figure  1.  Ensemble-averaged  results  for  CL  were  obtained  for  100  simulation  runs 
with  randomly-generated  wind  speed  time  functions.  The  mean  wind  speed  was  3.9  m/s  with  a  standard  de¬ 
viation  of  8%  of  the  mean.  Variations  among  the  CL  curves  are  Indicated  by  Figure  3  with  this  typical 
shape  shown  at  a  selected  point  In  time.  A  mean  value  of  CL,  designated  by  p^,  Is  estimated  as  pcl. 

Error  bounds  are  denoted  as  0^  -  $CL  and  CCL  +  ,  which  are  95%  confidence  Intervals.  Values 

of  Kj  and  define  the  relative  positions  of  the  error  bounds  with  respect  to  the  estimated  mean  0CL. 
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FIGURE  3.  TYPICAL  ERROR  BOUNDS  FROM  SUPER/5EMM  AT  A  POINT  IN  TIME  (U) 

(Unclassified) 
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FIGURE  4.  COMPARISONS  FOR  ERROR  BOUNDS  WITH  GAUSSIAN  AS  A  FUNCTION  OF  TIME  (U) 

(Unclassified) 
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Values  of  and  Kj  vary  In  time  as  shown  In  Figure  4.  Moreover,  these  error  bound  parameters  also  vary 
as  the  wind  speed  standard  deviation  to  mean  wind  speed  ratio  changes  (Figure  5).  Clearly,  the  proba¬ 
bility  density  functions  for  CL  are  non-Gausslan  for  this  line-of-sight  considered. 

(U)  Error  bounds  from  SUPER/SEMM  for  CL  versus  time  are  shown  in  Figure  6.  An  anti-tank  guided 
missile  (ATGM)  threshold  at  1.14  g/m  is  also  shown.  The  percent  of  CL  values  above  the  ATGM  threshold 
at  a  given  point  in  time  corresponds  to  the  probability  of  obscuration  at  that  time.  What  is  needed  is 
some  indication  of  the  length  of  time  for  which  the  target  Is  obscured.  This  information  is  important 
in  deciding  whether  a  sufficient  obscuring  screen  has  been  obtained. 

5.  PROBABILITY  OF  OBSCURATION  FROM  SUPER/SEMM  (U) 

(U)  A  curve  of  probability  of  obscuration  versus  time  is  shown  in  Figure  7.  Time  differences 
across  this  curve  at  selected  constant  values  of  probability  of  obscuration  can  be  identified  as  obser¬ 
vation  times.  These  probability  of  obscuration  values  can  then  be  plotted  as  a  function  of  the  corres¬ 
ponding  observation  time  to  yield  the  curve  shown  in  Figure  0.  The  vertical  line  at  a  time  interval  of 
approximately  12  seconds  was  determined  by  SEMM,  indicating  an  average  time  Interval  of  obscuration  of 
12  seconds.  On  the  other  hand,  this  entire  curve  from  SUPER/SEMM  provides  Information  on  the  proba¬ 
bility  of  obscuration  for  other  time  intervals  as  well,  For  example,  probabilities  of  obscuration  of 
97*.  64*,  and  13*  correspond  to  time  intervals  of  5,  10,  and  15  seconds,  respectively.  Moreover,  SUPER/ 
SEMM  specifies  that  a  twelve-second  interval  corresponds  to  a  probability  of  obscuration  of  only  42%, 
a  value  not  obtainable  from  SEMM  alone. 

(U)  Figure  9  shows  a  comparison  of  actual  test  data  with  SEMM  and  SUPER/SEMM.  Observe  that  the 
sample  mean  CL  curve  from  SUPER/SEMM  Is  slightly  closer  to  the  test  data  then  the  corresponding  SEMM 
curve.  More  importantly,  approximately  95*  of  the  test  data  lies  within  the  95*  error  bounds  of  SUPER/ 
SEMM.  Similar  results,  not  shown  here,  were  obtained  for  80*  error  bounds.  These  SUPER/SEMM  curves 
were  obtained  by  using  wind  speed  data  with  a  mean  of  3.9  m/s  and  a  standard  deviation  of  8*.  Wind 
speed  curves  were  not  available  for  the  exact  time  during  which  this  single  munition  was  tested.  How¬ 
ever,  some  wind  speed  data  are  available  for  tests  involving  multiple  munitions.  The  extension  of 
SUPER/SEMM  to  these  multiple  munition  cases  will  help  to  evaluate  SEMM  more  completely. 

6.  EXTENSIONS  (U) 

(U)  The  concept  of  determining  error  bounds  for  concentration-length  can  be  extended  to  include 
three-dimensional  1 ines-of-sight  using  SUPER  with  an  appropriate  deterministic  model.  This  added  capa¬ 
bility  would  enable  probability  of  obscuration  values  to  be  determined  for  air-to-ground  observations. 

In  addition,  multiple  munitions  can  be  incorporated  into  this  model,  together  with  other  inputs  (humidi- 
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VARIATIONS  IN  ERROR  BOUNOS  FOR  DIFFERENT  HIND  SPEED  CHARACTERISTICS  (U) 
(Unclassified) 


FIGURE  6.  SUPER/SEMM  RESULTS  WITH  ATGM  THRESHOLD  (U) 
(Unclassified) 
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FIGURE  9.  COMPARISONS  BETWEEN  TEST  DATA.  SEMM  RESULTS.  AND  SUPER/SEMM  RESULTS  (U) 

(Unclassified) 

ty  and  temperature  variations)  and  other  outputs  (concentration  and  transmittance). 

(U)  The  Monte  Carlo  version  of  SUPER  was  utilized  In  this  paper  to  provide  stochastic  error  bounds. 
Yet  the  deterministic  model  to  which  SUPER  was  applied  was  Itself  a  direct  model.  What  Is  needed  Is  a 
direct  algorithm  for  the  SUPER  model  which  can  be  applied  easily  to  existing  direct  deterministic  mod¬ 
els.  This  direct  algorithm  computes  the  mean  and  variance  of  random  outputs  by  forming  expected  values 
directly.  A  considerable  savings  In  execution  time  Is  possible.  Due  to  the  large  number  of  calcula¬ 
tions  required  with  the  Monte  Carlo  approach,  a  far  greater  practical  utility  of  the  SUPER  model  can  be 
achieved  by  using  the  direct  technique. 

(U)  A  final  extension  might  Include  the  development  of  an  efficient  computer  program  for  the  SUPER 
model  to  be  used  on  a  small  computer  or  hand  calculator  to  predict  error  bounds  on  smoke  models.  Such 
a  unit  could  be  used  In  the  field  to  determine  the  number  and  placement  of  munitions  to  achieve  the 
desired  obscuration.  In  addition  to  the  combat  analyst,  the  tactical  user  can  use  this  program  as  a 
strategic  tool.  Both  users  can  benefit  from  the  direct  version  of  the  SUPER  model  for  determining 
error  bounds. 
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7.  CONCLUSIONS  (U) 

(U)  The  SUPER  model  has  been  developed  In  this  paper  as  a  general  concept  applicable  to  a  broad 
class  of  deterministic  smoke  obscuration  models.  Results  obtained  using  the  SUPER  model  yield  error 
bounds  about  the  average  model  otuput.  For  example,  SUPER/SEMM  results  presented  In  this  paper  pro¬ 
vided  95*  error  bounds  about  an  average  concentration-length  (CL).  From  these  error  bounds  on  CL,  the 
probability  of  obscuration  was  determined  as  a  function  of  observation  time.  Previously,  SEMM  Indicated 
only  an  average  value  of  time  the  target  was  obscured  (12  seconds)  with  no  quantative  measure  of  the 
probability  of  obscuration  for  this  time  deration.  SUPER/SEMM  determined  that  probability  of  obscura¬ 
tion  to  be  92*  and  provided  corresponding  probabilities  of  obscuration  for  other  observation  times  as 
well. 

(U)  The  application  of  SUPER/SFi'iM  to  the  multiple  munitions  case  should  provide  a  useful  evaluation 
of  SEMM.  Extensions  to  other  deterministic  models  are  planned  for  further  evaluations  and  comparisons. 
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MMTRN :  MILLIMETER  WAVE  PROPAGATION  MODEL  FOR  RAIN, 

FOG  AND  SNOW  EXTINCTION  AND  GASEOUS  ABSORPTION 

Douglas  R.  Brown 

US  Army  Atmospheric  Sciences  Laboratory 
White  Sands  Missile  Range,  New  Mexico  83002 

ABSTRACT 

A  computer  model,  MMTRN,  Is  presented  which  models  fog/cloud  extinctlcn,  water  vapor  and  oxygen 

absorption  from  10  GHz  to  1500  CHz,  and  rain  and  snow  extinction  from  10  GHz  to  500  GHz.  Backscatter 

cross-sections  for  rain,  fog,  and  snow  are  also  Included.  Water  vapor  and  oxygen  absorption  are  modeled 

using  xlne-by-line  techniques,  fog  Is  represented  as  a  Rayleigh  aerosol.  Rain  and  snow  are  modeled  with 
b 

aR  relationships.  This  code  is  compact  and  is  suitable  for  use  in  millimeter  radar  performance  models. 

1.  INTRODUCTION 

Models  of  millimeter  wave  atmospheric  extinction  have  traditionally  required  large  amounts  of  com¬ 
puter  storage  and  execution  time  in  order  to  provide  the  flexibility  and  accuracy  necessary  in  3  re¬ 
search  oriented  model.  MMTRN  has  been  developed  aa  a  small,  quick  program  to  provide  the  scientist, 
engineer,  or  system  performance  modeler  with  results  which  have  accuracies  linked  to  the  experimental 
data  variability,  and  commensurate  with  a  simplified  input  data  requirement.  MMTRN  does  not  attempt  to 
demonstrate  atate-of-the-art  models,  but  to  use  the  physical  understanding  developed  therein  in  simpli¬ 
fied  models  of  reasonable  accuracy. 

MMTRN  routines  calculate  the  attenuation  of  millimeter  waves  by  water  vapor  and  oxygen  absorption, 
cloud,  fog,  and  ice  fog  bulk  absorption  and  backscatter,  rain  extinction  and  backscatter,  and  prelimi¬ 
narily,  snow  extinction  and  backscatter.  Smoke  and  dust  are  not  modeled  in  MMTRN  due  to  security  rea¬ 
sons  (this  is  an  unclassified  code)  and  due  to  a  lack  of  sufficient  data.  The  included  effects  are 
modeled  for  all  frequencies  from  10  GHz  (3.1  cm)  to  500  GHz  (.62  mm),  and  water  vapor  absorption  can  be 
extended  to  1500  GHz  (200  urn).  Temperature  limitations  vary  widely  for  the  individual  calculations  and 
will  be  discussed  with  the  modules.  Because  no  doppler  broadening  is  Included,  or  trace  gases  included, 
pressure  (and  therefore  height)  limitations  should  keep  calculations  cbove  100  torr  (133  mB)  total 


pressure . 
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2.  MMTRN  MODULES 

2.1.  Absorption  by  Water  Vapor. 

Water  vapor  absorption  Is  calculated  using  a  simplified  line-by-line  code  where  the  contribution  of 
each  local  water  vapor  line  is  summed  to  give  the  total  absorption  at  a  given  frequency,  this  procedure 
can  be  defined  by  the  equation  for  a,  the  Absorption  coefficient  in  dB/km 

N 

a(V)  -  S  S  C  (T)  W(Species)  <js  (v,v  ,y  ) 
i»l  1  8  it 

where  is  the  strength  of  the  1th  line, 

Cs(T)  is  a  temperature  correction  factor  for  the  line  strength, 

W(Specles)  is  the  column  density  for  the  given  species, 

$  (v,v4,y^)  Is  the  line  absorption  shape  factor  or  the  line  profile, 
vi  is  the  center  frequency  for  the  1th  line 
and  Is  the  pressure  and  temperature  corrected  line  half  width. 

For  water  vapor,  the  line  parameters,  S^,  Y^»  etc.  were  the  AFGL  line  parameters1.  A  total  of  56 
lines  are  included,  selected  over  the  interval  from  22  GHz  to  2250  GHz  on  the  basis  of  line  strength.  A 
cutoff  was  defined  as  the  curve  g(v): 

_2 

gmax  -  g(vt)  •  10  S(vt) 

and  g(v^  t  150GHz)  »  10  ^gmax 

where  is  the  line  frequency  and  S(v^)  is  the  line  strength.  The  contribution  of  each  line  to  g(v) 
was  graphed  and  all  lines  whose  strength  was  greater  than  g(v)  were  included.  Lines  to  2250  GHz  were 
Included  to  represent  the  contribution  of  strong  line  wings  in  the  windows.  Errors  in  this  procedure, 
when  compared  with  line-by-line  calculations  using  212  lines,  were  less  than  1?. 

The  calculation  of  the  line  profile  <p  (v.v^.y^)  was  carried  out  using  the  Super  Kinetic  line  pro- 

2 

file  .  This  technique  agrees  reasonably  with  standard  condition  water  vapor  absorption  data  without  the 
use  of  an  added  "continuum"  contribution.  It  doeB  not  yet,  however  as  with  all  treatments,  adequately 
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represent  Che  temperature  and  pressure  dependence  of  the  “anomalous"  absorption  The  profile  le  defined 
by: 


where  x  is  defined  such  that  Is  continuous  at  viVQ“4v  and  NORM  Is  a  normalization  parameter.  The 
parameters  and  4v  are  variable,  and  give  the  best  fl'.  to  water  vapor  when  ^  -  1.88  and  AvMOy. 

The  line  hair  widths  are  corrected  for  self  broadening  and  temperature. 

The  only  model  limitation  in  this  case  is  that  fact  that  only  pressure  broadening  is  considered. 
Therefore,  where  doppler  broadening  begins  to  become  important  (at  low  pressures)  this  model  should  not 
be  used  without  modlf lcaiton. 


A  comparison  of  selected  experimental  data  and  the  calculation  by  MMTRN  is  shown  in  Figure  1.  The 
data  point  at  60  GHz  does  not  include  the  oxygen  absorption  which  is  included  in  MMTRN. 


2.2.  Absorption  by  Oxygen 

Gaseous  absorption  by  oxygen  is  treated  using  the  method  of  Llebe,  Glmraestad  and  Hopponen3.  This 
technique  u3es  a  line-by-line  technique  modified  to  include  the  effects  of  line  overlapping  in  the  60 
GHz  oxygen  band. 


The  procedure  differs  from  the  water  vapor  line-by-line  calculation  fundamentally  only  in  the  line 

U 


profile  employed.  A  modified  Van  Vleck-Welsskopf  profile  is  used  of  the  form 

Y-(vn+v)I*p  V* 

+ 


4»(v,vo,yI#) 


Y-(v0-v')l,’p 


(V  -V)2  +y 
o 


r 


(Vo+v)*+Y* 
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where  I*  is  the  line  interference  factor  and  p  la  the  atmospheric  pressure.  The  result  is  a  narrowing 
of  the  lines  due  to  the  line  overlap. 

For  this  model,  36  oxygen  lines  are  Included.  Line  data  was  taken  from  Llebe  et  el.  The  contribu¬ 
tion  by  oxygen  to  the  molecular  absorption  is  calculated  for  frequencies  below  140  GHz .  Oxygen  is 
Ignored  for  frequencies  above  140  GHz. 

2.3.  Bulk  Absorption  and  Backscatter  by  Cloud,  Fog,  Ice  Fog 

Aerosol  sizes  for  fog  and  clouds  (without  precipitation)  are  small,  generally  below  50  pm  for  the 
larger  particles,  and  are  therefore  well  within  the  Rayleigh  regime  for  mllllmecer  waves.  Due  to  the 
relative  dependences  of  Rayleigh  scattering  and  bulk  attenuation  on  the  wavelength,  and  water  Indices  of 
refraction,  scattering  contributes  much  leas  than  bulk  attenuation,  and  can  be  Ignored.  In  this  case 
the  attenuation  coefficient  k  (dB/km)  is 

<  -  4.343  /  N (D)  f^(D)dD 
'all  sizes 

where  N(D)  is  the  size  distribution  for  fog/cloud  and  /^(D)  is  the  Rayleigh  approximation  for 
absorption: 


re<t» 


x- 


I 


where  m  is  the  complex  Index  of  refraction  for  water  and  Im  denotes  the  Imaginary  part.  Noting  that 
J D3N(D)dD  “  ^  \  V1  "  f  Vtotal 

where  V  Is  the  volume  of  the  1C^  particle,  and  V  is  the  total  volume  of  all  the  particles  per  unit 

l  totfl 1 

volume  of  space,  we  see  that  for  water 


V 


total 


ej/p-u; 


where  u  5  total  liquid  water  content  and  p  ■  water  density  (VL) ,  we  have 
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Units  are  [<)  •  dB/km,  [2J  -  mra,  [uj]  «  go/m1. 

Tha  Indices  of  refraction  for  liquid/frozen  water  are  computed  using  the  method  of  Ray^.  Ice  fogs 
are  calculated  when  temperature  is  below  -30°C. 

The  liquid  water  content,  >w,  has  natural  upper  limits  for  fogs  of  about  1.5  gm/m3  and  for  clouds 
near  4  gm/m3.  If  specific  values  of  u  are  not  known,  they  may  be  inferred  roughly  from 


oj  -  5.95  x  10-J  x  V* 


where  V  is  the  visual  range  in  km. 

Water  fog  absorption  with  and  without  the  background  gaseous  absorption  is  shown  in  Figure  2. 
Figure  3  shows  the  absorption  due  to  ice  fog.  It  should.be  noted  that  the  complex  index  of  refraction 
for  ice  is  poorly  known  at  such  low  temperatures.  Also,  the  interaction  of  water  vapor  and  fog  may 
cause  non-linear,  l.e.  anomalous,  effects  and  attenuation  may  differ  from  these  predictions. 

« 

Fog  backscatter  cross-section,  *1  ,  is  defined  for  a  Rayleigh  scatterer. 


”2)  .  lliSli  j  D6N(D)dD  x  10-6  ra3/m3 

(  )  ,  >.  :  wavelength  in  rr.m,  D  is  In  mm,  and  N(D)  is  in  units  m~3  mm-3.  An  exponen- 

V  m+V 

tlal  distribution  for  N(D)  is  assumed, 


where  k 


'iD 

N(D)  -  N^e 

because  the  D6  weighting  makes  the  errors  In  N(D)  fcr  small  D  ignorable.  Using  the  relationship 
between  visibility  and  liquid  water  content. 
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u.  -  5.95  x  1CTJ  x  V  '**33 
r 

and  Koschmelder 's  relationship, 

k  V  *3.912 
r 


we  can  compute  ^ , 

*h  -  1.21462  x  10-6  i  K I  2oc3  -  7S>.~-  m2/m3 . 

Figure  4  shows  the  backscatter  cross-sections  for  liquid  and  ice  fogs. 

2.4.  Rain  Extinction  and  Backscatter. 

It  is  generally  accepted  that  Mie  scattering  by  dielectric  water  spheroids  provides  an  accurate 
model  of  millimeter  wave  scattering  by  rain6.  Such  codes  are  too  complex  to  fit  the  requirements  of 
size  and  speed  for  MMTRN.  Also,  to  use  the  full  power  of  Mie  scattering  calculations,  raindrop  number 
densities  are  required  which  are  seldom  measured  accurately  in  the  field.  Instead,  if  drop-size  models, 
such  aa  Laws  Parsons,  are  invoked,  a  significant  reduction  in  realism  and  therefore  accuracy  is  made. 

As  these  dropsize  models  are  used  extensively,  it  Is  reasonable  to  use  a  rain  extinction  model  which 
matches  this  accepted  loss  of  accuracy.  In  MMTRN  this  is  accomplished  by  employing  che  <  *  aR6(dB/km) 
relationship,  where  R  is  ralnrate  in  mm/hr,  as  discussed  by  Olsen,  Rogers  and  Hodge7.  The  dropsize  dis- 

g 

tributlon  used  for  general  conditions  is  that  of  Laws  and  Parsons  . 

The  parameters  a,b  calculated  by  Olsen  et  al  for  temperatures  of  -10°C,  0°C,  and  20°L  and  various 
frequencies  were  fit  for  frequency  by  a  power  law, 

3 

a  -  a  f  a 
i 

A 

b » i  f 
b 

where  f  is  frequency  in  GHz,  and  interpolated  for  temperature  between  -10'C  and  +29*C.  Beyond  these 
bounds  temperature  was  set  at  -10°C  or  20’C,  respectively. 
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Large  discrepancies  of  predicted  extinction  versus  measured  attenuation  are  common,  supposedly  due 
to  variations  in  the  real  dropslze  distribution  from  the  assumed  mode.  Figure  5  shows  an  example  of 
rhls.  The  predicted  extinction  using  the  various  dropsize  models  was  a  Hie  scattering  calculation. 
Because  of  this  large  variation  between  measured  data  and  calculation,  MMTRN  was  validated  with  Mle 
scattering  computations,  not  experimental  data.  Figure  6  shows  the  agreement  at  100  GHz.  Figure  7 
shows  the  extinction  due  to  rain  and  gaseous  absorption. 


The  rain  backscatter  cross-section  was  computed  using  Mie  scattering  codes  and  also  fit  to  a  power 

law, 


y  •  aR^  m2/m3 


where  R  is  again  rainrate  in  mm/hr.  The  coefficients  a,  6  were  fit  by  polynomials  and  depend  upon 
frequency  and  temperature.  Sample  calculations  sre  shown  in  Figure  8. 


2.5.  Snow  Extinction  and  Backscatter 


Attempts  to  n.:  i"  l  snow  extinction  and  particularly  backscatter  Immediately  confront  Che  problems 
of  an  extremely  limited  experimental  data  set  and  an  equally  scarce  theoretical  literature.  This  Is 

9 

true  for  frozen  hydrometeors  in  general  .  The  model  in  MMTRN  is  therefore  a  preliminary  one,  based 

upon  the  few  svailable  data  and  eagerly  awaiting  new  results. 

The  snow  extinction  model  again  uses  ax*  aSb  relation,  where  S  in  equivalent  rain  rate  in  mm/hr, 
that  ls,the  melted  anow  rate.  The  data  were  taken  from  the  following  references:  Robinson1®,  Babkin 
ec  el11,  Niahitsuji12,  Oomori  and  Aoyagl13,  Malinkin  et  al1',  Richard  et  al15.  Three  cases  were  defined, 

dry,  moist  and  wet  snow,  although  accurate  delineation  of  the  snow  types  was  impossible  due  to  the  poor 

snow  characterization  during  the  measurements.  The  differentiation  of  extinction  by  snowtype  seen  in 
Figure  9  at  frequencies  below  50  GHz  is  represented  by  the  decs.  The  inversion  of  this  at  frequencies 
above  140  GHz  is  expected  on  theoretical  grounds  due  to  the  relationship  between  cross-section  and  snow¬ 
flake  mass  for  the  different  snowtypes.  The  frequency  at  which  this  actually  occurs  is  not  known. 


The  lack  of  adequate  data  (the  model  Is  presently  based  on  nine  data  points)  to  specify  the  be¬ 
havior  of  the  a  and  b  coefficients  required  the  use  of  similarity  arguments  between  the  characteristics 
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of  the  coefficients  for  rain  and  snow,  the  expectation  la  that  averaging  over  the  flake  or  drop  distri¬ 
bution  minimizes  the  differences  In  the  scattering  phase  functions  between  snowflakes  and  raindrops. 

No  millimeter  snow  backscatter  data  was  found  In  the  literature.  As  a  temporary  model  for  snow 
backscatter,  the  Rayleigh  scattering  results  of  Imal  et  al1®,  Gunn  and  Marshall17,  and  Yagl  et  el1®  were 
employed.  This  model  is  therefore  quite  Incorrect  for  frequencies  above  30  GHz  and  should  not  be 
employed  In  Its  present  form. 

As  this  paper  was  being  written,  no  data  were  available  from  the  SNOW  ONI  test.  As  soon  as  t 
data  are  available,  the  MMTRN  snow  models  will  be  updated. 

3.  CONCLUSION 

As  a  final  demonstration  of  the  capabilities  of  MMTRN  the  following  atmosphere  was  modeled: 


Tampers ture 

275*k 

Humidity 

100X 

Fog  liquid  water  content 

0.05  gm/m 

Rain  rate 

4,0  mm/hr 

Wet  anow  rate 

2.5  mm/hr 

Figure  10  shows  the  comparison  between  the  background  gaseous  sbsorpclon  and  the  full  calculation.  Tha 
calculation  of  330  frequency  points  Including  backscatter  took  26  seconds  on  en  H.P.  1000/45  computer. 

19 

MMTRN  la  presently  the  baels  of  the  EOSAEL  millimeter  module,  end  is  being  used  st  the  Atmos¬ 
pheric  Sciences  Laboratory  In  a  millimeter  radar  performance  nodal. 
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FIGURE  li  (U)  Comparison  of  MMTRN  H^O  and  0,  Absorption  and  Exparimantal  H^O  Data 
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FIGURE  3;  (V)  MMTRK  Ice  Fog  Absorptlon 
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RAINFALL  RATE  L\  MM/HR 
A  MEASURED  ATTENUATION 

♦  CALCULATED  ATTENUATION  DERIVED  FROM  MEASURED  RAINDROP  SIZE  DISTRIBUTtO 
FIGURE  5:  (U)  Measured  and  Calculated  Rainfall  Attenuation  at  94  GHz  Keizer  et  al 


FIGURE  6:  (U)  Comparison  of  MMTRN  and  Hie  Scattering  Rain  Extinction 
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FIGURE  9a:  (U)  MMTRN  Snow  Attenuation 
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FIGURE  9b:  (U)  Snow  Plus  Gaseous  Attenuation 
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FIGURE  10:  (U)  Comparison  of  Adverse  Weather  Attenuation  and  Background  Caseous  Absorption 
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EXTINCTION  BY  SMOKES  ftT  VISIBLE. 
INFRARED  AND  MILLIMETER  WAVELENGTHS 


Janon  F.  Embury 
Chemical  Systems  Laboratory 
Aberdeen  Proving  Ground,  MD  21010 


ABSTRACT 


Current  military  Inventory  screening  smokes  such  as  white  phosphorout  and  fog  >11  consist  of 
polydispersions  of  spherical  liquid  particles,  while  experimental  infrared  and  mil  meter  wavelength 
screening  smokes  consist  of  polydispersions  of  either  flakes  or  fibers.  The  theory  that  describes 
scattering  by  individual  nonspherical  particles  is  complex.  However,  a  major  simplification  occurs 
for  a  cloud  of  randomly  oriented  polydisperse  nonspherical  particles.  The  extinction  spectra  is 
shown  to  consist  of  two  distinct  regions.  The  first  occurs  at  shorter  wavelengths  where  extinction 
is  Independent  of  refractive  index  and  depends  only  on  particle  size  and  shape.  At  longer  wavelengths 
the  extinction  spectra  are  independent  of  size  but  depend  on  particle  refractive  index  and  shape. 
Experimental  data  support  these  simplifications.  For  any  convex  smoke  particle,  the  extinction 
coefficient  can  be  maximized  by  maximizing  the  surface  area  per  unit  mass.  The  wavelength  range  over 
which  maximum  extinction  extends  can  be  increased  by  appropriate  choice  of  refractive  index  and  shape 
such  as  metal  filaments  and  flakes. 


All  Inventory  and  experimental  military  smokes  consist  of  a  collection  of  aerosol  particles  which 
are  nonunlforra  in  size  and  orientation.  This  considerably  simplifies  the  extinction  spectra  produced 
by  a  smoke  cloud.  The  extinction  spectrum  for  each  particle  Individually  is  complicated  and  depends 
on  size  and  orientation  as  well  as  shape  and  refractive  index.  However,  when  single  particle  spectra 
are  superimposed  to  form  the  extinction  spectrum  of  a  smoke  cloud,  the  narrow  peaks  and  troughs  of 
individual  particle  spectra  are  averaged  out  and  a  smoother  cloud  spectrum  emerges. 

Generally  the  cloud  spectrum  becomes  flat  at  wavelengths  somewhat  shorter  than  the  refractive 
index  modulus  multiplied  by  the  smallest  particle  dimension.  At  wavelengths  somewhat  longer 
than  this,  the  spectrum  becomes  Rayleigh  with  peaks  located  where  the  refractive  index  undergoes 
anomalous  dispersion.  The  height  of  each  peak  Is  limited  to  the  extinction  plateau  level  at  shorter 
wavelengths.  At  the  shorter  wavelengths  in  the  plateau  region, extinction  is  independent  of  complex 
refractive  index  and  depends  only  on  particle  shape  and  size  as  represented  by  the  particle  surface 
area  per  unit  mass.  This  applies  to  convex  particles  and  the  convex  envelope  around  reentrant 
particles.  On  the  other  hand,  in  the  Rayleigh  region  extinction  depends  on  particle  shape  and 
complex  refractive  index  and  is  Independent  of  particle  size.  The  transition  region  between  the 
averaged  resonance  plateau  and  Rayleigh  region  looks  like  a  combination  of  these  two  regions  because 
the  smaller  particles  in  the  polydispersion  have  a  Rayleigh  spectrum  while  the  larger  particles  in 
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the  polydispersion  have  flat  spectra.  For  th  typically  broad  polydispersions  which  we  aerosolize  in 
our  test  chamber,  the  transition  region  often  extends  throughout  much  of  the  infrared  from  2.5  microns 
to  14  microns  wavelength. 

Examples  of  aerosols  which  exist  in  the  averaged  resonance  region  producing  flat  spectra 
throughout  the  infrared  are  metal  flakes  and  fibers.  Dielectric  spherical.  Irregular,  flake  and 
fiber  particles  produce  Rayleigh  spectra  in  the  infrared  when  the  mass  median  diameter  or  thickness 
is  less  than  about  half  a  micron,  while  diameters  greater  than  this  produce  transition  region  extinc¬ 
tion  spectra.  Within  the  transition  region,  smaller  particle  Rayleigh  spectra  are  superimposed  over 
flat  averaged  resonance  spectra  of  the  larger  particles.  To  obtain  flat  spectra  In  the  Infrared  with 
dielectric  particles  it  is  necessary  to  have  fairly  monodisperse  samples  with  diameters  or 
thicknesses  greater  than  several  microns,  or  typically  polydisperse  samples  with  mass  median  diameters 
or  thicknesses  so  large  that  the  aerosol  settles  out  of  the  chamber  volume  In  less  time  than  is  requir¬ 
ed  to  obtain  a  spectral  radiometer  scan.  Conductive  Irregular  or  spherical  particles  often  possess 
Rayleigh  3pectra  in  the  Infrared,  but  flat  spectra  commence  above  smaller  particle  dimensions  than 
for  dielectric  particles. 

Starting  with  a  particle  much  larger  than  the  wavelength  in  question  and  reducing  its  size  we 
can  Increase  its  surface  area  to  mass  ratio,  thereby  improving  its  ability  to  extinguish  radiation 
until  an  upper  limit  Is  realized  which  la  the  Rayleigh  limit  where  all  material  becomes  optically 
active.  At  visible  wavelengths  this  upper  limit  would  be  greatest  for  metal  spheres,  while  at 
Infrared  and  millimeter  wavelengths  the  upper  limit  would  be  greatest  for  metal  flakes  or  fibers. 

A  generalized  extinction  spectrum  would  have  a  flat  top  at  shorter  wavelengths,  while  at  longer 
wavelengths  there  would  be  a  slope  Inversely  proportional  to  wavelength  for  an  absorber  and  inversely 
proportional  to  wavelength  to  the  fourth  power  for  a  dielectric.  Onto  this  slope  la  superimposed  the 
structure  originating  from  the  wavelength  dependence  of  the  refractive  index.  As  the  particle  size  is 
reduced, the  flat  spectral  top  movea  upward,  but  the  wavelength  at  which  the  negative  slope  commences 
gets  shorter.  Thus,  the  cost  for  higher  extinction  is  a  reduction  in  the  wavelength  breadth  of  the 
extinction.  Only  by  choosing  a  flake  or  fiber  shape  and  a  metallic  composition  can  the  onset  of  the 
negative  slope  be  pushed  out  to  a  maximum  wavelength,  thereby  maximizing  extinction  breadth  and 
permitting  the  flat  spectrum  top  to  be  maximized  by  size  reduction.  For  a  metal  flake  of  a  given 
thickness,  the  onset  of  negative  slopebegins  at  ’  wavelength  four  times  greater  than  for  a  metal  fiber 
having  a  diameter  equal  to  the  flake  thickness 
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SOME  ASPECTS  OF  LIGHT  SCATTERING  FROM  CLOUDS 


OF  REGULARLY  AND  IRREGULARLY  SHAPED  PARTICLES 


D.K.  Anker* 
Logics  Limited 
64  Newman  St. ,  London 


ABSTRACT 

This  paper  presents  an  overview  of  the  work  presently  being  carried  out  in  the  theore 
tical  study  of  scattering  of  radiation  from  irregularly  shaped  aerosols.  The  problem 
considered  is  that  when  the  incident  wavelength  is  of  similar  order  to  particle  size. 
The  particles  under  study  are  spherical,  cylindrical  or  disc-shaped  and  their  complex 
refractive  indices  can  vary  over  a  wide  range  to  cover  dielectrics  or  metals.  The 
scattering  cross-sections  are  obtained  in  the  single-particle  case  and  are  then  fed 
into  a  cloud  model  using  a  Monte-Carlo  simulation  package.  Initial  results  are  shovm 
to  indicate  good  agreement  with  experiment.  Further  work  Involving  finite  element 
techniques  to  tackle  arbitrary  shapes  is  outlined. 


*  This  work  was  carried  out  under  contract  ML32B/326  for  the  Chemical  Defence 
Establishment,  Porton  Down,  Wiltshire. 
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1 .  INTRODUCTION 


At  CDE,  the  screening  and  transmittance  properties  of  clouds  of  various  Darticle  types 
(e.g.  droplets/  smokes  and  aluminium  flakes)  have  been  studied.  The  results  obtained 
by  modelling  single  particle  scattering  have  been  fed  into  a  radiative  transfer 
model  to  examine  the  backward  and  forward  scattering  from  clouds  of  these  particles. 

Particle  types  considered  so  far  have  been  spheres,  cylinders  and  circular  discs. 

Cloud  shapes  have  been  either  parallel  slabs  or  half  conical. 

Scattering  from  spheres  is  well-understood ,  and  it  has  been  shown  that  clouds  of 
slightly  non-spherical  particles  can  be  accurately  modelled  by  clouds  of  spheres, 

(c.f.  Greenberg  1979),  the  main  difference  arising  in  the  backscatter  cross-section. 

The  spherical  scattering  will  be  a  maximum  or  minimum  .  for  randomly  oriented  particles, 
depending  on  the  refractive  index.  Clearly,  the  reason  for  good  agreement  is  due  to 
the  averaging  effect  over  all  possible  random  orientations,  smoothing  over  irregu¬ 
larities.  Therefore,  when  using  the  results  of  single  spherical  scattering  in  our 
radiative  transfer  simulation,  the  results  are  expected  to  be  in  reasonable  agreement 
with  experiment.  This  is  borne  out  in  a  later  section. 

However,  there  are  certain  particle  types  which  have  a  regular  shape  but  tend  to  take 
up  a  given  alignment  when  falling  with  terminal  velocity  in  a  fluid  (e.g.  air) .  This 
is  true  for *needle-like  particles  which  fall  with  their  axis  of  symmetry  almost 
horizontal.  The  theory  behind  this  ia  well-known  in  fluid-mechanics  (c.f.  H.  Lamb, 
1932). 

Further,  investigation  of  particles  with  internal  structure  has  begun  with  the  simple 
problem  of  multi-layered  spheres,  with  each  layer  of  material  having  a  different 
refractive  index.  An  extension  of  the  programme  to  more  elaborate  internal  structure 
(such  as  honeycombed  or  channelled)  awaits  further  development  using  finite  element 
analysis. 
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Different  refractive  indices,  m  «  n'  +  im' ' ,  for  the  spherical  materials  have  been 
studied,  ranging  from  dielectrics  (with  0.1  £  m'  15)  to  metals  (with  the  absorptive 
index  -10  ^  m' 0).  Attention  has  been  focused  on  a  more  limited  range,  the  results 
of  section  A  being  for  38%  sulphuric  acid  with  m  ■  1.214  -  1  0.252  at  wavelength,  X  , 
equal  to  8.0  ju m. 

Radii,  again,  have  been  arbitrary,  but  the  resonant  region  has  been  of  moat  interest. 

Turning  to  irregular  particles,  ie  particles  with  edges,  the  one  most  under  examination 
at  present  is  the  arbitrarily  thin,  circular  conducting  disc.  These  have  been  studied 
lr,  an  attempt  to  model  flakes  of  aluminium.  They  have  been  separated  out  as  particles 
for  research  in  their  own  right  due  to  the  inability  of  spheroidal  particles  to  model 
them  accurately.  Their  tendancy  to  align  horizontally  as  they  fall  with  steady  motion 
means  that  averaging  over  all  random  orientations  will  give  Incorrect  results.  Some 
work  has  already  been  done  on  discs  with  finite  thickness  and  low  conductivity  by  W«<1 
and  Chu  (1980).  However,  some  problems  arise  in  taking  the  thickness  arbitrarily  thin 
or  allowing  conductivity  to  grow  large. 


2.  SINGLE  PARTICLE  SCATTERING 

The  scattering  theory  for  homogenous  spherical  particles  of  complex  refractive  index 
is  thoroughly  documented  in  textbooks  (e.g.  J.  Stratton  (1941)).  Scattering  from  a 
concentric  multi-layered  sphere  can  also  be  explained,  using  Mle  theory.  Therefore, 
in  this  section  we  shall  briefly  consider  two  more  interesting  particle  types j  the 
thin  circular  conducting  disc,  and  arbitrarily  shaped  inhomogenous  particles  such  as 
honeycombed  spheres  or  channelled  spheres.  The  first  of  these  particle  types  has  been 
studied  to  model  thin  aluminium  flakes.  The  second  particle  type,  the  honeycombed  and 
channelled  spheres,  are  examined  since  several  atmospheric  dust  particles  are  of  this 
type  (e.g.  fly-ash  from,  coal  and  oil  fired  power  stations)  . 


Considering  the  disc  problem,  some  progress  has  been  made.  The  major  difficulty  lies 
in  solving  numerically  the  integral  equation  for  the  induced  current,  J,  in  the  disc. 
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Summarising  the  theory,  the  electromagnetic  field,  E,  impinging  on  a  perfectly  con¬ 
ducting  disc,  can  be  expressedt 

E  -  E„  +  1  7  7.  +  *2>  f  1  G  d  S'  ,  (1) 

4*i|t<,U  "  g’ 

where  £Q  is  the  incident  field, 

G  ,is  the  Green's  Function  ■  e~^  1 

IR-R' I 

s' is  the  surface  of  the  disc,  0  R' tf  a, 
k  ■  2tx/X,  %  ■  incident  wavelength. 

If  the  problem  is  restricted  to  the  surface  of  the  conducting  disc,  no  electric  field, 
E,  can  exist.  Also,  all  operators  are  reduced  to  two-dimensional  operators  in  the 
surface  of  the  disc. 


It  can  be  shown  that,  by  expressing  the  radial  current,  Jr  ,  azimuthal  current,  and 
charge  density,  ^  (  •  V'.J),  in  terms  of  Fourier  sums  in  the  following  set  of 
equations  result  from  equation  (1), 


S  (n+l)7t  1  (M0DE  «ec0o  +  i  U-MODE))  JR+1  (Arsing)  +  An  Jn+1  (kr) 

c  ^ 

*  "2  \  r'  *n  0  n.l  ar'  ■  0  (2» 


e- ij  ( n  - 1 )  7t  i  (M0DE  aec0  _  j.  (i-MODE))  J  ,  O;rsln0_)  +  A„  J  .  (kr) 

o  n-i  o  n  n~i 

ra 

*  k  j  ■"  •„  =„-■  «•  -  °  (ji 

o 


e"’5  (n  +  l)  TT  i  tane  mode  J  (krsinDJ  +  A„  (kr)  +  k  1  r'  p„G„dr'  -  O  (4) 
o  n  onn  |  V,  n  n 

J  o 

for  n  *  0 ,  +  1 ,  ... 
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where 


-{  1  lf 
l  0  If 


TM-raode , 
TE-mode , 


6  -  angle  batwaan  inoidant  radiation  and  axis  of  symmetry, 


Jn  -  Bassal  function  of  1st  kind  of  n-th  ordar, 


<*n  ♦  bn!  • 


(a  -  b  )  a 
n  n 


f 

Gn  ■  \  G  (t  )  oos  nt  dt, 
o 

Jr  “  i  E  (*n  +  bn!  *  in*  1 

n»-oo 

Jr  “  “A  ^  (*n  “  bn)  *  ^  * 

n»-oo 

?  -  E  ?n  *  in<!r' 

n—oo 

An  is  unknown  but  is  ralatad  to  an,bft  via 

*  -  2  '•£ 

It  can  aaally  ba  daducad  that  in  the  Rayleigh  region,  the  expressions  for  the  0(1) 
currant  coinponants  arai 

Jr  ■  4  (a2  -  r2)  ^OOf^MODE  ooe90  +  (1-MODE)  (1-  lsln2eo>  sin*  ]  +  0  (ka) 


Jj  ■  irk'1  sln»  (1-MODE)  +4  (a2-r2)"M{  a2-*r2  +  (r2-Ha2)  sin2eo|  X 

IT2  (a^-r*)’  3h 2  ** 

(1-MODE)  cosd  -  ^  a2-ijr2}x 
cos*0  MODE  slndj  +  O  (ka) 


cos90  MODE  Sind 
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where 


k  -  2H/X  ,  and  X  -  wavelength  of  incident  light, 


r  -  radial  distance  from  disc  centre, 


a  ■  radius  of  disc 


9q  -  vertical  angle  of  incident  radiation 


Mode  ■  f  O,  TE-Mode 
I  1,  TM-Mode 


The  total  scattering  cross-section  becomes. 


0"  “  V28  K4  a4  ,  2  2  2 

TOT  ,  \  1  +  (k  ( 1 -MODE) *  -  MODE  )  Sin  e„ 

27  ft  i  1  c 


It  should  be  noted  that,  although  the  expression  for  the  total  scattering  cross-section 
is  finite  and  non-zero,  the  azimuthal  current  reaches  Infinitely  large  values  as  the 
disc  edge  is  approached. 


(a2-r2)  "lj. 


This  immediately  points  to  a  boundary  layer  problem,  in  which  the  current  is  brought 
under  control  by  a  rapid  change  across  a  very  narrow  annulus  around  the  disc  edge.  In 
fact  the  corresponding  problem  in  acoustics  is  considered  by  Crighton  and  Lepplngton 
(1973).  They  considered  sound  impinging  on  a  semi- inf inite  plate  of  vanishing  thick¬ 
ness,  2  a,  and  found  a  layer  building  up  at  the  edge  of  width  O(ka) .  Within  this 
layer,  the  velocity  potential  became  zero  at  the  exact  plate  edge. 


Without  full  analysis,  for  our  model,  we  have  computed  up  to  a  thin  layer  at  tho 

edge,  wherein  the  J  ,  is  approximated  by  a  linear  function  from  its  value  at  the  inner 
9 

edge  of  this  layer,  to  zero  at  the  exact  disc  edge.  The  integration  scheme  for  calcu¬ 
lating  J  ,  J  is  involved  and  complicated,  and  is  described  elsewhere,  Anker  (1981), 
r  9 
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but  is  based  on  work  by  Jones  and  Allami. 

In  order  to  check  that  a  sufficient  number  of  Fourier  modes  for  Jr,  were  taken,  use 

of  the  Optical  Theorem  was  made  in  order  to  obtain  a  comparison  to  the  total  cross- 
section  calculated  using  the  full  3-d  integration  of  the  bi-static  cross-section. 

TOT  «  4H  Im  (F) 
k 

i 

IT 

d©  \  dp  sin©  O' 

o  J  o  BIS 

where  F(e,fl()  ■  scattering  amplitude. 

So  far,  results  in  the  Rayleigh  region  look  promising,  but  larger  radii  discs  have  yet 
to  be  fully  tested. 

As  soon  as  satisfactory  results  are  obtained  for  the  disc,  it  is  thought  that  their 
incorporation  into  the  RTSP  will  be  the  next  step  in  comparing  results  with  experiment. 

As  for  arbitrarily  shaped  particles,  the  only  general  approach,  which  does  not  require 
expansions  in  many  spherical  harmonics  or  make  other  more  restrictive  assumptions 
about  size  and  shape,  is  the  global  finite-element  method  outlined  by  Yeh,  Ha,  Dong  and 
Brown  (1979) . 


3.  RADIATIVE  TRANSFER  SIMULATION  PACKAGE 

To  model  the  transmission  of  light  through  a  cloud  of  particles,  an  elementary,  though 
quite  flexible  approach  was  taken.  With  the  passage  of,  for  example  laser  light  in 
mind,  the  scattering  of  a  coherent  beam  of  photons  was  modelled  by  a  Radiative  Transfer 
Simulation  Package  (RTSP)  using  Monte-Carlo  techniques. 
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The  exact  macroscopic  solution  to  the  prop!  cannot  be  found  for  any  general  cloud 
shape,  any  particle  size-distribution,  material  distribution,  or  number  distribution 
in  3-d.  We  therefore  have  looked  at  other  methods  of  solution  and  focused  on  a  Monte- 
Carlo  technique.  The  method  involves  tracking  simulated  photons  from  collision  to 
collision  within  the  cloud.  The  assumption  that  the  photons  do  not  interact  with  each 
other  during  their  passage  through  the  cloud  (coherence)  allows  simplifications,  in 
that  photons  travel  in  straight  lines  between  collisions  with  cloud  particles.  (If 
necessary,  we  can  relax  this  constraint  in  a  later  version  of  the  RTSP,  but  a  larger 
sample  of  input  photons  will  be  required  to  model  photon-photon  interactions) .  Theore 
tically,  if  the  inter-particle  distances  are  several  times  larger  than  the  wavelength 
of  input  light,  interference  effects  should  be  almost  negligible. 

In  the  next  section  the  experimental  results  are  compared  to  those  of  the  RTSP,  where 
Inter-particle  spacing  is  0(10-4m)  and  the  incident  wavelength,  A.  ,  is  0(  10“ft-l0"*m5)  . 

In  the  RTSP,  each  photon  is  followed  from  the  point  at  which  the  beam  of  incident 
radiation  strikes  the  cloud,  until  it  either  is  absorbed  or  escapes  from  the  cloud 
(back  into  the  air  or  into  the  ground  which  is  assumed  perfectly  absorbing) .  When  the 
photon  is  emitted  from  the  cloud,  various  scores  are  incremented.  There  is  a  score 
kept  for  photons  contributing  to  each  of  the  forward-scattering,  "t  total 

-scattering,  *tT0T»  and  single-scattering,  ^siv1!  totals<  Additionally,  if 
scattering  into  angular  boxes  is  required,  scores  are  kept  for  each  angular  box.  An 
illustration  of  these  scattering  coefficients  is  given  in  figure  1.  The  backscattered 
photons  are  also  observed. 

The  simulation  must  continue  until  the  lowest  of  these  scores  is  above  some  specified 
value.  The  higher  the  value,  the  more  accurate  the  results.  In  fact,  the  scattered 
photons  emitted  from  the  cloud  satisfy  a  binomial  distribution,  and  it  can  be  shown 
that  the  accuracy  in  counting  these  random  events  (either  the  photon  Is  emitted  with 
probability  p  or  not  emitted  with  probability  1-p)  is  n'^,  where  n  is  the  number  of 
successful  events,  given  np*1  trial  events. 
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**  for  *  Forward  Scattering 
“CBAC  ■  Backward  scattering 


't  -  Scattering  lntc  angular  box  5(1-1)^  ©  <  51  1*1,  18 

51 

“  Single  Scatter 

5IN 

18 

^  TOT*"  Total  scattering  -  *roR  +  (t5  -  tF0R>  +  £  t  51 


h  ■  height  of  entry  above  ground.  0°  C  ^  360°,  -90°^  0  ^  90° 


6,0  define  angle  of  incidence 


L  ■  Cloud  Thickness 


FIGURE  I.  RTSP  SCATTERING  COEFFICIENTS 
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As  well  as  the  scattering  coefficients  of  the  cloud,  two  other  points  of  Interest  are 
notedi  the  number  of  collisions  undergone  by  each  photon,  the  point  of  exit  from  the 
cloud. 

The  incident  beam  is  specified  by  3  parameters  shown  in  figure  h  the  angle  of 
incidence  which  requires  the  9,0  values  and  the  height  of  entry,  h,  above  ground. 

For  the  parallel  slab,  only  the  thickness,  L,  needs  to  be  defined.  For  the  half-cone 
model,  refer  to  Evans  and  Jarvis (1 980) . 

As  the  photon  trajectory  is  followed  through  the  cloud,  it  will  collide  a  number  of 
times  with  the  cloud  particles.  At  the  1-th  collision ,  probabilities  of  several 
scattering  parameters  are  used  to  calculate, in  Monte-Carlo  fashion!  scattering  angle, 
distance  to  the(i+l)th  collision  and  scatterer-type. 

The  scattering  angle  consists  of  two  angles,  as  shown  in  Figure  II. 


Xa  “  line  of  sight  between ( l-])-th  collision  and  i-th  collision, 
Z_  -  axis  perpendicular  to  X_  in  X  *  Z  plane, 

Cfg  -  azlmutual  scattering  angle, 

0B  ■  conical  scattering  angle. 

FIGURP  II.  RTSP  SCATTERING  ANGLE 
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The  probability  of  scattering  Into  angle  0  is  given  by 
P(0)  d«  -  INTEN  (0)  2  Sin  (0)  d9, 

°s=»  ■* 

R  ■  radius  of  scatterer  In  reduced  units, 
qSCA  “  Scattering  efficiency, 

INTEN  (6)  -  scattering  Intensity 

A  cumulative  distribution  is  formed, 


X“0 


X“  -Q 


the  discrete  sum  replacing  the  exact  integral  in  the  above  equation. 

To  select  angle  e,  a  random  number,  r,  is  chosen,  6  i  r  t  1 ,  and  the  cumulative 
distributions  are  scanned  and  F(«i+1)  i»  chosen  with  F (9^)  r  F(0i+1). 

To  determine  <t ,  since  its  probability  distribution  is  uniform,  a  random  number  between 
0  and  2 ir  is  chosen. 

The  lnter-colllslon  distance  is  chosen  by  taking  the  path  length,  P,  from  the  last 
collision  to  the  edge  of  the  cloud,  and  dividing  it  into  equal  segments.  The  cumu¬ 
lative  distribution  for  the  distance  is 

• ■  v  £ 

K  i-1  3 

where  d  -  mean  free  path, 

M  -  No.  divisions  of  path  length,  D, 

A  -  D/M. . 
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Then,  a  random  number,  r,  la  again  chosen  Orf  rrf  1  and  F(r  j)  is  chosen, 

F<V  *  r  <  F  <w- 

Finally,  choice  of  scatterer  type  in  a  polydispersed  cloud  depends  on  whether  the 
particles  have  a  Rosln-Rammler  distribution  or  log-normal  distribution.  The  n 
particle  types  are  arranged  in  ascending  radius,  r,  where 


rl  <  r2 


radius  ranges  are  then  defined, 


to.  !<*!  +  r2)l  '  [i  (rl  +  r2>'  i  (r2  +  r3> 


]  .  [\  (rn-l+  V'  rn] 


For  each  range,  the  probability  of  a  particle  radius,  r^  lying  within  it,  is  computed 
and  associated  with  the  relevant  type  Identifier,  ]_  (r^j  +  ri)  ^  ri ^  I^rl  +  rl+l>* 


4.  EXPERIMENTAL  RESULTS 


The  results  of  the  RT3T>  were  firstly  compared  with  tne  results  predicted  using  the 
simple  theory  of  Beer-Lambert, 

T  -  e**CL 

where , 

T  -  transmittance , 
oc  -  mass  extinction  coefficient, 

C  ■  aerosol  concentration, 

L  »  radiation  path- length. 

Various  values  for  each  of  «,  C  and  L  were  taken  and  the  transmittance,  T,  was  compared 
with  Tfor  from  the  RTSP.  Results  within  2»  agreement  were  found  in  several  simple  esses. 
An  example  of  one  of  these  test  runs  is  shown  in  table  1. 
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TABLE  1.  PREDICTED  TRANSMITTANCE  VALUES  FOR 
A  38%  SULPHURIC  ACID  AEROSOL. 

^  ■  8.0  jim  ,  L  =  3m ,  0  ■  0° ,  9  =  0° 


Aerosol 

Forward 

Transmittance 

Concentration 

Transmittance  RTSP 

Beer- Lambert 

/  g  m~3 

(Parallel  slab,  log¬ 
normal  distribution) 

(at  •>  0.303  m2g_1) 

0.1 

0. 9119 

0.9130 

0.2 

0.8304 

0.8337 

0.4 

0.6934 

0.6952 

0.8 

0.4841 

0.4833 

1.2 

0.3363 

0. 3329 

1.6 

0.2330 

0.2349 

With  the  RTSP  appearing  to  give  results  as  expected,  It  was  then  run  to  simulate 
experimental  data. 

Experimental  measurements  of  a  scattered  beam  of  light  through  a  cloud  of  38%  Sulphuric 
Acid  droplets  with  refractive  index  m  -  1.214  -  1  0.252  at  wavelength  8.0  are 
shown  in  Figure  3  (reproduced  from  Carlon  and  Anderson  (1979)  and  Evans  and  Jarvis, 
(1980)) . 
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Experiment 


RTSP  • 


FIGURE  III.  RTSP  AND  EXPERIMENTAL  DATA 


In  the  RTSP  the  cloud  parameters  were  taken  as  follows:  depth  «»  3.0m,  height  of  beam 
entry  *  1.5m,  normal  incidence.  The  aerosol  parameters  were:  geometric  mean  radius 
for  a  log-normal  distribution  *  0.424  urn,  geometric  standard  deviation  for  a  log 
normal  aerosol  size  distribution  =  1.5. 

The  experimental  parameters  were  not  altogether  too  clear  from  carlon  and  Anderson's 
paper,  but  values  similar  to  those  above  were  inferred  (c.f.  Evans  and  Jarvis  (1980) 
for  details) . 

The  RTSP  results  shown  are  significantly  lower  than  the  corresponding  experimental 
results.  There  are  several  possible  reasons  for  this  disagreement  which  we  expect  to 
resolve  with  both  further  runs  of  the  RTSP  and  clearer  definition  of  experimental 
parameters. 

The  RTSP  assumes  uniform  cloud  concentration  of  particles  across  the  -loud.  This  is 
unrealistic,  and  so  a  Gaussian  distributi .'n  is  being  -Incorporated  to  model  the  cloud 
out  on  the  field. 
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The  assumption  of  particle  size  distribution  is  also  somewhat  suspect.  Further, 
more  tightly  controlled  experimental  work  must  be  done  before  a  more  definite  com¬ 
parison  with  the  RTSP  results  can  be  made.  However,  some  of  the  quantitive  features 
are  certainly  present  in  the  RTSP.  In  Evans  and  Jarvis  (1980)  ,  X  -  0.63  ^ur>,  the 
cloud  is  shown  to  be  scattering,  while  at  A.  =  8.0  ^im,  it  is  strongly  absorbing  in 
agreement  with  Carlon  and  Anderson ' (1979) . 
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A  SEMIQUANTITATIVB  MODEL  FOR  THE  PREDICTION  OF  THE  PERSISTENCY 

OP  MO LTI COMPONENT  OIL  SMOKES 

by 

Glenn  0.  Rubel 


1.  INTRODUCTION 

To  model  accurately  the  tine-dependent  obscuration  efficiency  of  nllltary  screening  smokes, 
knowledge  of  the  evolving  particle  else  distribution  function  is  required.  The  dynanlcs  of  an  oil 
aerosol  Is  controlled  by  such  processes  as  nucleatlon,  coagulation  and  heterogeneous 
condensation/evaporation.  Both  nucleatlon  and  droplet  vapor  transfer  are  dependent  on  the  vapor 
pressure  of  the  liquid  ooaprislng  the  droplet.  For  multicomponent  oils  such  as  fog  oil  8GF-2,  *2 
diesel  fuel,  and  PBG  200,  the  vapor  pressure  of  the  bulk  liquid  Is  coaposltlon  dependent.  Recently, 
Bask  at  al.1  measured  the  evaporation  rates  of  several  multicomponent  oils  under  vacuum  and  found  an 
approximate  relationship  between  vapor  pressure  and  species  molecular  weight. 

The  purpose  of  this  study  Is  to  provide  experimental  data  on  the  evaporation  rates  of  fog  oil 
SGF-2,  (2  diesel  fuel,  and  PEG  200  droplets  at  one  atmosphere. 

From  the  evaporation  data,  vapor  pressure/molecular  weight  correlations  have  been  developed  and 
compared  to  those  relationships  derived  from  vacuum  evaporation.^  Satisfactory  agreement  has  been 
found.  Indicating  the  vapor  pressure  correlations  to  be  a  function  of  the  specific  material  and  not  the 
particular  process  under  study.  In  addition,  from  the  evaporation  data,  correlations  of  vapor  pressure 
and  the  percent  mass  evaporated  are  developed  for  the  multioooponent  oils.  The  data  indicate  that, 
while  the  evaporation  rates  of  the  mixture  oils  differ  significantly,  all  oils  can  be  characterised  by 
a  power  law  relationship  between  vapor  pressure  and  percent  mass  evaporated. 

A  semlquantitative  model  is  presented  for  the  evaporation  of  multicomponent  oil  smokes.  Continuum 

2 

diffusion  theory,  coupled  with  Milbum's  analysis  of  evaporating  water  clouds,  predicts  that  the 
persistency  of  any  smoke  Is  a  function  of  cloud  radius  and  specific  cloud  liquid.  It  is  shown  that 
(1)  #2  diesel  fuel  evaporates  an  order  of  magnitude  faster  than  PEG  200  and  even  more  quickly  than 
fog  oil  SCP-2,  (2)  a  cloud  of  PEG  200  will  evaporate  at  ihe  same  rate  as  one  of  fog  oil  for  the  first 
10X  mass  evaporated  and,  thereafter,  the  persistency  of  the  fog  oil  cloud  exceeds  that  of  PEG  200, 

(3)  the  persistency  of  all  oil  smokes  increases  with  Increasing  cloud  radius. 
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It  Is  additionally  shown  that  tha  mixture  vapor  pressure  of  tog  oil  SGP-2  will  vary 
considerably  from  stock  to  stock.  Finally,  it  is  demonstrated  that  the  vapor  pressure  of  recondensed 
fog  oil  SGF-2  is  about  twice  as  high  as  the  vapor  pressure  of  the  prevaporlted  fog  oil.  One  possible 
explanation  for  this  finding  is  that  the  oil  mixture  is  undergoing  thermal  cracking  during  the 
vaporisation  process. 


2.  EXPERIMENTAL  PROCEDURE 


The  experimental  technique  developed  by  Schwelxer  and  Hanson3  and  later  nodified  by  Prickel 
at  al.4  was  used  to  measure  the  evaporation  rates  of  individual  multicomponent  oil  droplets.  A 
schematic  of  the  experimental  setup  is  illustrated  in  figure  1.  The  liquid  droplet  is 

electrostatically  atomized  by  applying  a  high  direct-current  voltage  to  a  capillary  tube  filled  with 
the  liquid  of  interest.  The  droplet  is  horizontally  stabilized  in  the  chamber  by  applying  an 
alternating-current  voltage  across  a  blhyperboloidal  electrode.  The  charged  droplet  is  centered 
vertically  in  the  chamber  by  applying  a  gravity-balancing  direct-current  voltage.  The  droplet  diameter 
is  determined  optically  by  using  a  35-mm  objective  in  conjunction  with  a  Vlcker  Image  Eye  Splitter. 
Successive  droplet  masses  are  found  from  the  time-dependent  balancing  voltage  by  assuming  constant  charge 
number.  Rubel5  showed  that,  by  oontrolllng  the  temperature  of  the  chamber  and  the  chamber 

replenishment  rate,  the  Instantaneous  vapor  pressure  of  the  evaporating  droplet  can  be  determined  as  a 
function  of  percent  mass  evaporated. 


EXPERIMENTAL  SETUP 
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Figure  1.  Experimental  Setup  for  the  Measurement  of  the  Evaporation 
Rates  of  Multicomponent  Oil  Droplets 
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3.1  Corralatlons  of  Vapor  Prasaurt  and  Percent  Ktn  Evapontad.  figure  2  shows  ths  svsporstion 

rstss  of  fog  oil  SOF-2,  12  distal  fusi,  and  PBG  200  droplsts  evaporating  st  s  tsapsraturs  of  40*  C. 
Ths  ordinsts  Is  ths  psrosnt  mss  evaporated  and  Is  defined  asi 

“s  “  (1*V  *  100  {X) 

where 

Mr  ■  M(t)/N(to). 


.  *!  cum  run 

•  MO  ICO 

•  »oo  on  tor  »7 


>U  M  rc  lie  ISO  110  710  740  770  700  ’70  740  740  470  410 


Plfurs  2.  Psrosnt  Mass  Bvaporatad  as  a  Function  of  Tias  for  Various 
Multlooaponent  Oils  as  Dsrivsd  tram  Droplst  Evaporation  Studios 

Ths  initial  droplst  nass,  M(t0) ,  is  dstsralnsd  fros  ths  optically  Measured  disaster  and  ths 
prsviously  known  aatsrlal  bulk  dsnslty.  In  ths  prsssnt  data,  ths  aatsrlal  dsnsity  .is  assuasd  invariant 
during  evaporation. 
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Clearly,  12  diesel  fuel  Is  considerably  Bars  volstlls  than  PEG  200,  and  fog  oil  8GP-2  Is  ths 
leaat  volatila  oil.  To  gain  further  appreciation  for  tha  dlffarancas  in  ths  aultiooaponent  oils,  tha 
cores lat Ions  of  vapor  prsssura  and  paroant  mass  remaining  ara  found.  Rubai ^  shoved  that,  by 
msaarlcally  solving  for  tha  aass  daeay  rata  and  employing  continuum  diffusion  thaory,  tha  total  vapor 
prassura  of  tha  droplst  as  a  function  of  paroant  mss  remaining  could  be  obtainad.  Pigura  3  prasants 
tha  vapor  prassura  data  in  logarlthalc  coordinates  for  tha  three  oils  of  interest.  Tha  data  indicate  a 
strong  linear  dependence  between  tha  logarlthalc  percent  aass  reatslnlng  and  tha  logarlthalc  vapor 
pressure. 


figure  3.  Paroant  Mass  Remaining  Versus  Droplet  Vapor  Pressure 
as  Derived  from  Droplet  Evaporation  Rata  Measurements 
and  Continuum  Diffusion  Theory 
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A  least-squarss  linear  regression  analysis  of  the  data  poralts  the  following  relationships! 

Pog  oil  SOP-2 

LHP  »  -3 . 34881  ♦  7.452LnMp  50  £  Hr  £  100 

(2  Diesel  Fuel 

LnP  ■  -3.213  +  1.310LnMp  10  £  Mr  £  100  <2) 

PEG  200 

Mjj  <  100 

The  above  relations  are  valid  at  T  •  40°  C  and  account  for  98%  of  the  data  field.  This 

characteristic  linear  relationship  has  been  found  to  be  valid  for  other  homologous  series  such  as 

6 

dibasic  esters  and  mineral  oil.  The  characteristic  vapor  pressure  curves  reveal  that,  while  PEG  200 
and  fog  oil  SGP-2  exhibit  similar  volatilities  during  the  early  stages  of  evaporation,  fog  oil  becomes 
progressively  less  volatile  than  PEG  2C0  as  evaporation  proceeds.  These  findings  are  consistent  with 
the  yield  performance  measurements  made  by  Vervier  and  Anderson.7 

3.2  Paralstency  of  Multicomponent  Oil  Smokes.  Measurements  by  Vsrvier  and  Anderson7  indicate 

fog  oil,  diesel  fuel,  and  PEG  200  smokes  are  comprised  primarily  of  micron-  and  submlcron-sized  oil 
droplets.  The  employment  of  data  derived  from  supermicron-slzed  droplet  evaporation  may  seem 
inappropriate  for  oil  cloud  modeling.  Horever,  it  is  demonstrated  in  the  appendix  that,  if  the 
multicomponent  oil  oonatltutee  a  thermodynamically  ideal  solution ,  then  the  derived  vapor  pressure 
correlations  are  independent  of  the  initial  droplet  diameter  studied. 

The  class  of  equation  (2)  may  be  cast  into  the  general  form 

P  •  a  (Mjj) ^  (3) 

which  when  substituted  into  the  continuum  mass  flux  relation  gives 

dM  .  -2n  D*w<f0)1/3«"b  4  1/3  (<) 

dt  ’  AT  M(t0)b 


LnP  ■  1.07081  ♦  2.4<2LnMR  20  < 
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Integration  of  equation  (4)  results  in  the  evaporation  law  for  isolated  mjlclcomponent  oil  droplets 

M( t)2/3  -b  -  H( t0)2/3  -  b  .  -A(t-t0) 

_  2W  PHw<fc>)  1/3*t2/3  -  b) 

where  RT  M(t0)^ 

If  b  •  0,  which  implies  oonstant  droplet  vapor  pressure,  the  aultioonponent  evaporation  law  reduoea  to 
the  single  ooaiponent  evaporation  law. 

The  cloud  droplets  comprising  an  oil  saoke  do  not  evaporate  as  isolated  oil  droplets.  As  the 
entire  cloud  evaporates,  a  so u roe  of  vapor  la  generated  which  tends  to  retard  the  evaporation  rate  of 
existing  droplets.  The  vapor  concentration  and  temperature  field  surrounding  the  oil  droplets  is  a 
complex  function  of  multicomponent  droplet  evaporation,  and  molecular  and  turbulent  diffusion.  An 
accurate  model  which  incorporates  the  previously  mentioned  processes  would  be  intractable  and  beyond 
the  scope  of  this  study.  Furthermore,  even  if  a  detailed  model  was  constructed,  the  results  would  be 
et  most  eemlquarititatlve  due  to  the  statist  teal  nature  of  turbulence.  For  this  reason,  an  approximate 
method  is  used  to  predict  the  persistency  of  oil  obscuring  smokes. 

The  cloud  persistency  model  is  based  on  the  analysis  developed  by  Mllburn2  for  the 
evaporation  of  water  clouda.  Mllburn  considered  the  problem  of  an  evaporating  water  cloud  undergoing 
molecular  diffusion  to  a  vapor-free  environment.  Assuming  the  droplets  achieve  steady  state  conditions 
instantaneously,  Mllburn  solved  for  the  vapor  and  temperature  fields  inside  and  outside  a  water  cloud. 
Under  the  condition  ot  a  free  boundary,  a  cloud  equation  was  developed  and  solved  for  during  the  early 

stages  of  evaporation.  It  was  shown  that  the  cloud  evaporated  either  Internally  or  at  the  cloud 

o 

perimeter  depending  on  the  cloudiness  factor  5  whart 

62  ■  Inf^ro/s 

If  62  »  1  the  cloud  evaporates  primarily  et  the  cloud  perimeter.  For  cloud  particle  number 
concentrations  of  10*  P/cc  the  cloudiness  factor  greatly  exceeds  unity,  implying  oil  clouds  primarily 
evaporate  at  the  perimeter.  It  would  seem  reasonable  to  state  that  the  persistency  of  an  oil  smoke  is 
governed  by  the  evaporation  rates  of  the  oil  droplets  situated  at  the  perimeter  of  the  cloud. 
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Milburn  dvr  tved  an  evaporation  law  for  such  droplets  and  found  that  the  evaporation  rate  of 
perimeter  droplets  la  (n5)  the  evaporation  rate  of  Isolated  droplata.  Consequently  the 
persistency  of  oil  smokes  is  approximated  by  aquation  (S)  by  takinq  into  account  the  cloudiness  factor 

ti6. 


figure  4  depicts  the  evaporation  of  fog  oil  SGP-2,  #2  diesel  fuel,  and  PBG  200  clouds  at 
25°  C.  Mixture  vapor  pressures  have  been  extrapolated  from  40s  C  to  25s  C  using  the  Clausius 
Clapeyron  equation.  The  persistency  of  the  oil  clouds  is  parameter lsed  with  respect  to  cloud  radius  R. 


figure  4.  Multicomponent  Oil  Cloud  Persistency  Values  As  Calculated  from  a  Semlemplrlcal 
Model  Based  on  Mllburn's  Analysis  of  Evaporating  Hater  Clouds  and  Vapor  Pressure 
Correlations  Derived  from  Droplet  Evaporation  Studies 
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Inspection  of  figure  4  provides  several  conclusions.  First  the  persistency  of  #2  diesel  fuel 
is  significantly  less  then  the  persistency  of  either  PEG  200  or  fog  oil  SGP-2.  Over  a  one-hour  period, 
fog  oil  SOP-2  persists  the  longest;  however,  over  the  first  XOt  mass  evaporated,  fog  oil  and  PEG  200 
persist  for  approximately  the  same  amount  of  time.  These  findings  are  consistent  with  previous  field 
observations.  The  fact  that  PBO  200  and  fog  oil  evaporate  similarly  over  the  first  101  mass  evaporated 
can  be  predicted  from  figure  3.  Sere  PEG  200  and  fog  oil  8GF-2  possess  similar  vapor  pressures  over 
the  Initial  phases  of  evaporstion.  As  evaporation  proceeds,  the  vapor  pressures  diverge  and  so  do  the 
persistency  characteristics  as  seen  in  figure  4. 

Second,  the  greater  the  cloud  radius,  the  greater  the  cloud  persistency.  This  is  true  of 
all  oil  smokes,  although  the  persistency  level  is  more  sensitive  to  cloud  radius  for  the  more  volatile 
liquids.  In  fact,  an  order  of  magnitude  increase  in  cloud  radius  of  a  #2  diesel  fuel  smoke  will  cause 
the  evaporation  rate  of  such  a  cloud  to  match  the  evaporation  rate  of  a  relatively  nonvolatile  fog  oil 
cloud.  This  is  due  to  the  dependence  of  the  evaporation  rate  on  the  square  of  the  cloud  radius  and  on 
the  vapor  presaure  to  the  first  power. 

It  must  be  emphasized  that  the  persistency  model  la,  at  best,  semlquantltatlve.  The  model 
developed  by  Mllburn  is  strictly  valid  ovsr  the  first  20%  mass  svaporatad.  Hove vac,  the  relative 
persistency  characteristics  of  tha  oil  smokes,  as  predicted  from  the  present  model,  is  moat  probably 
still  valid. 

3.3  Variation  in  the  Vapor  Pressure  of  the  Tog  Oil  SCP-2  Mixture  ae  a  Function  of  Supply.  Fog  oil 
SGF-2  la  composed  of  a  mixture  of  hydrocarbons  with  a  molecular  weight  range  from  250  to  400  gm/mole. 
The  production  specifications  of  tog  oil  generally  Involve  pourabillty,  thermal  stability,  and 
viscosity.  Sinoe  the  specifications  do  not  relate  to  nixture  vapor  pressure  there  might  exlet  a 
significant  variation  in  fog  oil  SGF-2  depending  on  the  particular  supplier.  The  US  Army  is  supplied 
with  fog  oil  SGF-2  from  three  primary  sources ■  (1)  Delta  Petroleum,  (2)  Wltco  Chemical  Company,  and 
(3)  Phlppa  Product  Co.  To  test  for  variation  in  vapor  pressure  among  the  various  stocks  of  fog  oil 
SGF-2,  the  evaporation  rates  of  these  oils  are  measured.  Equation  (7)  shows  the  correlation  of  vapor 
pressure  and  percent  mass  evaporated  for  the  41,  42  and  43  supplies.  Again  the  characteristic  linear 
relationship  is  apparent  for  all  three  oils.  Supply  41  poseesees  the  lowest  vapor  pressure  for  a  given 
percent  mass  evaporated  while  43  is  only  slightly  mors  volatile.  However,  supply  42  is  significantly 
more  volatile  than  41  and  43  supplies.  In  fact,  the  vapor  pressure  of  supply  42  is  an  order  of 
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magnitude  higher  than  the  vapor  presaure  of  supply  II  for  percent  aaaa  evaporated  exceeding  50%.  This 
variation  in  mixture  vapor  presaure  will  have  an  impact  on  the  persistency  of  the  oil  smoke.  It  ma  ■  be 
concluded  that  for  purposes  of  maximum  obscuration,  aupply  #1  would  be  the  most  efficient  rraoks 
producing  liquid. 

Applying  a  linear  least-square  regression  analysis  to  the  data  of  figure  5,  the  following 
correlations  are  obtained, 


Fog  oil  SQP-2 

LnP  *  -4. 4481  +9.8871^  #1 

LnP  •  -2.23781  *5. 2511^  12  (7) 

LnP  ■  -2.42781  +5.403LnM^  #3 

3.4  Comparison  of  Vapor  Pressure  Properties  of  Prevapor  lied  and  Recondenaed  Fog  Oil.  The 

vaporisation  of  fog  oil  Sar-2  is  achieved  by  elevating  the  temperature  of  the  liquid  to  its  boiling 
point.  For  the  multicomponent  oils,  the  boiling  point  is  a  function  of  the  component  molecular  weight, 
with  the  heavier  molecules  characterised  by  the  higher  boiling  points,  in  the  field  and  in  laboratory 
studies,  generator  vaporization  temperatures  are  established  by  the  complete  vaporisation  of  the 
liquid;  i.e.,  the  vaporisation  temperature  is  set  at  the  boiling  point  of  the  component  having  the 
highest  molecular  weight.  Consequently,  those  species  with  lower  molecular  weights  are  superheated 
beyond  their  normal  boiling  points.  This  oonditlon  introduces  the  possibility  of  thermal  decomposition 
and  a  change  in  the  mixture  properties  as  a  result  of  vaporisation. 

To  investigate  the  possibility  of  thermal  decomposition  through  generator  vaporisation,  the 
vapor  pressure  of  prevaporlsad  and  rscondsnssd  fog  oil  SGF-2  is  determined.  The  recondensed  fog  oil  le 
obtained  by  impaction  on  a  cascade  impactor.  Linear  least-square  regression  analysis  allows  the 
recondenaed  fog  oil  to  be  characterized  uy 


LnP  »  4.37181  +  9.887LnMR 


(8) 
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A  comparison  of  aquation  (8)  with  aquation  (7),  ravaala  that  tha  recondensed  log  oil  foe  supply  81,  the 
oil  under  atudy,  poaaasaaa  a  vapor  pressure  approximately  twice  as  high  as  the  prevaporlted  fog  oil. 
Two  rsaarkt  should  be  made.  First,  estimation  of  tha  persistency  of  tha  fog  oil  cloud  based  on 
prevaporlted  bulk  properties  can  seriously  overestimate  the  lifetime  of  these  oil  clouds.  Whenever 
possible,  the  recondensed  fog  oil  property,  as  in  equation  (8),  should  be  employed.  Second,  the 
effect  of  generator  temperature  on  the  chemical  and  physical  properties  of  the  fog  oil  cloud  should  be 
pursued. 


4.  CONCLUSIONS 

4.1  A  semiquantitative  model  was  developed  which  predicts  the  relative  persistency  of  clouds  ot 
fog  oil  SGF-2,  PEG  200,  and  42  diesel  fuel  In  an  open  atmosphere. 

4.2  Model  calculations  predict  the  order  of  increasing  persistency  of  various  multicomponent  oil 
smokes  as  42  diesel  fuel,  PEG  200,  and  fog  oil  SGF-2. 

4.3  Calculations  also  Indicate  that,  while  PEG  200  and  fog  oil  SGF-2  avaporste  similarly  over  the 
first  104  mass  evaporated,  for  subsequent  degrees  of  svaporstion  the  persiatancy  of  fog  oil  exceeds 
that  of  PEG  200  considerably. 

4.4  Evaporation  data  indicate  that  the  mixture  vapor  pressure  of  the  three  distinct  supplies  of 
fog  oil  SGF-2  vary  greatly.  Consequently,  the  persistency  values  of  fog  oil  SGF-2  will  vary 
significantly  from  stock  to  stock. 

4.5  The  vapor  presaure  of  recondensed  fog  oil  is  approximately  twice  as  high  as  that  of  the  bulk 
fog  oil.  Therefore,  the  use  of  bulk  properties  to  predict  fog  oil  persistency  values  would  be 
Incorrect. 
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APPENDIX 


Under  what  conditions  will  the  correlation  between  derived  vapor  pressure  and  percent  mass 
evaporated  be  Independent  o f  the  initial  droplet  diameter  studies?  To  answer  this  question  the 
following  flux  rate  is  introduced. 


dn(m, t)  -2flD(m)P*(m)d{(m)n(m,t) 
dt  *  KTNT(ti 


Since  components  of  similar  character  have  a  tendency  to  form  ideal  solutions,*  it  is  proposed 
that  the  homologous  series  of  hydrocarbon  molecules  is  an  ideal  mixture.  Therefore,  the  solution  vapor 
pressure  is  modeled  according  to  Raoult's  law  ssi 


6  (m)  *  1 


Fran  equation  (s)  the  relative  density  of  two  distinct  components  is  exprassed  as  a  power  law 


.".(.SUlL  . 

n(ni,t0) 


D(m)P(n)/D(m)P(m) 


For  brevity  the  follmlng  variable  u(m)  is  introduced  for  the  relative  density  of  component  m 


U(m)  ■  n(m,t)/n(m,to) 


The  fractional  mass  remaining,  the  ratio  of  the  Instantaneous  mass  to  the  original  mass  Mo, 


M(t)  Zmn(m,t) 

m _ 

M( t0)  *  Zmn(m, t0) 


The  discrete  form  of  the  mixture  solution  is  used  for  illustrative  purposes;  however,  the 
following  result  can  be  derived  from  continuous  arguments  as  well. 


"Glasatone,  S,,  "Textbook  of  Physical  Chemistry,  2nd  Ed.,  625-627,  1940. 
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Proa  (b)  and  (c),  (d)  nay  be  rewritten  aa 


M(t)  £mX(m,to)pKto)0(m)pa(m)/0(m)P#(m) 

-^—r-  m  ^  (e) 

M(  ta)  S*iX^mTto)w{m,  t0) 

where  X(m,tQ)  la  the  Initial  aole  fraction  of  ooaponent  m.  Equation  (e)  states  that  the  fraction  of 

species  m,  p<m,t),  is  solely  determined  by  the  initial  mole  fraction  Xtm.t  ),  and  the  fraction  of 

o 

total  mass  remaining.  Consequently,  two  droplets  of  different  initial  size  but  with  the  same  initial 
composition  will  be  characterized  by  the  same  relative  density  of  component  species,  at  the  sane  mass 
fraction. 


The  total  droplet  vapor  pressure  can  be  written  according  to  Dalton's  law  asi 


p(t)  -  EP°(m)X(m,t) 


(f) 


Prom  equations  (b)  and  (c),  aquation  (f)  la  rewritten  ast 


P(t) 


IPo(m)X(m,to)p(S,t)0(m)P°(m)/D(m)pO(m) 
m _ _ _ 

\  x(mfto)UKt)0(m)pB(*>/D<'">pe<',’> 

m 


(9) 


Since  U(m,t)  is  solely  a  function  of  initial  mole  fraction  X(m,to>  and  percent  mass 

remaining,  the  total  droplet  vapor  pressure  is  also  a  sole  function  of  X(m,t  )  and  M(t)/M(t  ). 

o  o 

Therefore,  it  may  be  concluded  that  the  correlations  of  vapor  pressure  and  percent  mass  evaporated  are 
independent  of  the  initial  droplet  diameter  studied. 
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glossary  or  terms 


i.  < 


a,b  vapor  pressure  correlation  conatanta 

d  droplat  dlaaeter 

D  oil  vapor  diffusion  coefficient 

a  Molecular  aaa a  of  ooaponent  m 

M (t  )  initial  dr  '■*  mss 

o 

H(t)  instantanev  .copiet  uaa 

fractional  asss  evaporated 

Mjj  fractional  mass  remaining 

n  droplet  number  concentration 

n(a, t)  solution  density  of  component  a 

N?  total  number  of  solution  cxnponents 

P  total  droplet  vapor  pressure 

P* (a)  equilibrium  vapor  pressure  of  ooaponent  a 

R  gas  constant 

r  initial  droplet  radius 

o 

R  cloud  radius 

c 

t  time 

T  temperature 

6 1  cloudiness  factor 

<<a)  activity  coefficient  of  ooaponent  .4 

P  droplet  density 

X(a,t)  solution  aoie  fraction  of  ooaponent  m 
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SCREEN,  AN  EOSAEL  80  MODEL  FOR  SMOKE  MUNITION  E XPENDITURE 
BASED  ON  TARGET  ACQUISITION  PROBABILITY 

Donald  W.  Hoock 

Atmospheric  Sciences  Laboratory 
USA  Electronics  Research  and  Development  Command 
White  Sands  Missile  Range,  New  Mexico  88002 


ABSTRACT 

This  paper  provides  an  Introductory  description  of  the  SCREEN  model  Included  In  the  Electro- 
Optical  Systems  Atmospheric  Effects  library  1980  (EOSAEL  80).  The  model  predicts  the  required  number 
and  placement  of  105  mm  and  155  mm  HC  and  bulk  WP  smoke  munitions  required  to  produce  and  maintain  a 
screen  of  given  spatial  extent  and  time  duration.  The  criteria  for  obscuration  may,  optionally,  be 
defined  as  the  desired  maximum  probability  of  target  acquisition  for  a  user  defined  scenario  and  for 
certain  representative  electro-optical  Imaging  devices.  SCREEN  combines  the  KWIK  munition  expenditure 
model  developed  at  the  Atmospheric  Sciences  Laboratory  (ASL),  modified  to  utilize  the  EOSAEL  80  natural 
aerosol  extinction  model  XSCALE,  and  an  inverted  formulation  of  the  Night  Vision  and  Electro-Optics 
Laboratory  (NVEOL)  Target  Acquisition  Model  to  provide  threshold  transmittance  as  a  function  of  target 
acquisition  probability. 


1.  INTRODUCTION 


The  most  recent  version  of  the  Electro-Optical  Systems  Atmospheric  Effects  Library  1980  (EOSAEL  80) 
(Duncan,  1980;  Shlrkey,  1980)  has  Incorporated  a  smoke  munitions  expenditure  model,  SCREEN.  The 
purpose  of  this  paper  is  to  provide  an  overview  of  the  model  and  the  concept  employed  to  more  directly 
connect  predicted  smoke  screen  requirements  to  target  acquisition  probabilities. 

Acquisition  Is  a  result  of  successful  Interpretation  of  Information  transfer  above  some  limiting 
threshold.  Use  of  smoke  In  battle  continues  to  be  an  effective  means  of  Intentionally  raising  this 
threshold  to  reduce  or  deny  acquisition  by  electro-optical  systems.  For  Imaging  systems  the  threshold 
can  be  defined  In  terms  of  a  limiting  probability  derived  from  a  mixture  of  factors  Including  the 
Inherent  limitations  of  human  perception,  the  response  of  the  electro-optical  system,  natural 
atmospheric  degradation,  available  ambient  Illumination,  target  range  and  dimensions,  scene  contrast 
or  thermal  signature,  background  clutter  and,  of  course,  Intentional  Intervening  obscuration.  Any 
single  factor  may  be  dominant.  Thus,  a  successful  model  for  smoke  munitions  expenditure  must  weigh  all 
relevant  effects  to  determine  what  additional  obscuration,  If  any,  is  necessary  for  a  particular 
probabilistic  goal. 

SCREEN  addresses  the  above  factors  through  modification  and  combination  of  three  existing  iodels: 
r.WIK,  an  Army  Atmospheric  Sciences  Laboratory  smoke  munition  expenditure  model  (Umstead,  et  el.,  1979), 
the  Army  Night  Vision  and  Electro-Optics  Laboratory  Target  Acquisition  Model  (Draft  NVEOL  Technical 
Report,  I960;  Lawson,  et  al.,  1978),  and  XSCALE  (Duncan  and  llndberg,  1981),  the  Army  Atmospnerlc 
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Sciences  Laboratory  EOSAEL  80  model  for  adverse  weather  extinction  coefficient  scaling.  The  modified 
forms  of  the  first  two  models  form  the  suomodules  CWIC  and  ITAM  of  SCREEN,  and  each  is  discussed  below. 

2.  CWIC 


CWIC,  an  acronym  for  Cross  Wind  Integrated  Concentration,  Is  a  version  of  KWIK  modified  to  Include 
XSCALE  for  adverse  weather  corrections  and  to  accept  a  more  general  threshold  criteria  for  screening. 

The  present  version  of  this  model  predicts  the  number,  spacing  and  replenishment  rate  of  10S  mm  and 
155  mm  Hexachloroethane  (HC)  and  bulk  White  Phosphorus  (WP)  smoke  munitions  required  for  broad  band 
screening  in  the  separate  spectral  regions  of  the  visible,  near,  mid  and  far  infrared  wavelengths. 

Status  of  validation  tests  and  further  development  of  this  model  are  reported  elsewhere  In  these 
proceedings  (Pena,  1931;  Engebos,  1981). 

CWIC  accepts  a  simple  set  of  inputs  Including  screen  requirement  (downwind  length  and  time 
duration),  scenario  (target  and  observer  positions  and  average  terrain  roughness  height)  and  meteorology 
(wlndspeed  and  wind  direction).  In  addition,  the  user  must  provide  relative  humidity  (or  temperature 
and  dew  point),  Pasqulll  category  (or  cloud  height,  cloud  amount,  latitude,  longitude,  date  and  time 
of  day)  and  visibility  (If  adverse  weather  corrections  are  to  be  applied). 

The  model  utilizes  scaling  of  a  cloud  produced  by  unit  continuous  and  near  Instantaneous  smoke 
sources  precomputed  for  each  munition  type  during  model  development.  Pasqulll  category  and  surface 
roughness  parameterize  the  diffusion  rate  for  the  cloud.  Relative  humidity  provides  the  hygroscopic 
dependent  scaling  of  the  smoke  yield.  Wlndspeed  and  wind  direction  are  then  Included  to  define  the 
effective  optical  depth  through  the  cloud.  The  munition  spacing  Is  determined  as  the  maximum  downwind 
distance  for  the  limiting  value  of  the  optical  depth  sufficient  to  reduce  transmission  below  a  defined 
level.  Duration  of  effective  screening  for  single  munitions  Is  Internally  ueflned  for  each  munition 
type.  As  a  result  of  precomputations  and  assumed  scaling  relationships,  the  model  executes  quickly 
with  modest  computer  resource  requirements. 

Figures  1  through  4  show  the  predicted  munition  expenditure  required  for  an  arbitrary  scenario  as 
a  function  of  varying  transmission  thresholds.  The  example  Is  for  a  1  km  screen  of  5  minutes  duration, 
a  wlndspeed  of  5  m/s,  a  target  to  observer  range  of  2  km  cross  wind,  Pasqulll  category  C,  50%  relative 
humidity,  and  10  cm  average  surface  roughness.  The  step  function  appearance  of  the  predictions  Is  due 
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FIGURE  1.  SENSITIVITY  TO  TRANSMISSION  THRESHOLD 
105  mm  HC  munition,  Exomplo  aooner lot  1  Km  aoraan 
5  mlnutt  duration,  2  Km  Cl  rtg  »,  oroaa*wlnd, 
w 1 ndapaad  5  m/m.  Poaqul 1 1  ootagony  C.  raletiva 
humidity  50%,  A dvaraa  wtathar  not  Inoludad, 
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FIGURE  2.  SENSITIVITY  TO  TRANSMISSION  THRESHOLD 
155  mm  HC  munition!  Exomplo  »o»non  t  Ol  1  Km  »or*»n, 
S  mlnut*  duration,  2  Km  rang*,  oroM“wlnd, 
wlnel*p*«d  5  m/m.  Paoquu  ill  aotagery  C»  rtlatlv* 
humidity  50!t.  Advara*  waathan  mot  lnoludad. 
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FIGURE  3.  SENSITIVITY  TO  TRANSMISSION  THRESHOLD 
105  mm  WP  mwn  itlon.  Example  ■o«nartei  1  km  •oi'Mn, 
5  m  1  nut*  duration,  2  km  rang*,  oro»»-»lnd, 
wlndapaad  5  m/m,  Pooqul 1 1  oatagory  0,  ralotlva 
Humidity  50*.  Advaraa  waothar  met  included. 
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FIGURE  4.  SENSITIVITY  TO  TRANSMISSION  THRESHOLD 
155  mm  WP  munition.  Enomplo  •ocnorloi  1  hm  certtn, 
5  m 1 nut*  duration.  2  Km  rang*,  opo*«~ w 1 
w 1 nd*p*«d  5  m/m,  Pavqut 1 1  ©atogony  C.  n 
humidity  50X.  A dv*n«*  woathon  not  i no 1 u 
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to  upward  rounding  to  the  nearest  whole  munition  and  is  compounded  by  required  replenishment  rates. 

Apparent  major  differences  In  requirements  are  due  mainly  to  the  different  fill  weights  of  smoke 
available  from  each  munition  type  and  wavelength  dependence  of  extinction  coefficients.  The  original 
model  fixed  the  screen  threshold  criteria  at  5%  combined  atmospheric  and  smoke  transmission.  It  can 
be  seen  from  these  figures  that  the  number  of  munitions  required  Is  sensitive  to  the  threshold  adopted. 

t 

The  contribution  to  extinction  from  adverse  weather  aerosols  (haze,  fog,  rain  and  snow)  Is 
computed  for  Input  visibility.  Extrapolation  to  corresponding  extinction  In  the  Infrared  Is  accom¬ 
plished  through  the  EOSAEL  80  XSCALE  model.  XSCALE  provides  empirical  relationships  derived  from  an 
extensive  data  base.  Aerosol  characteristics  are  keyed  to  the  parent  air  mass  for  fogs.  Thus,  CWIC 
addresses  the  factors  of  smoke  and  natural  aerosols  (or  visibility)  effects  on  obscuration. 

3.  I  TAM 

The  original  5%  threshold  transmittance  of  the  KWIK  model  was  an  arbitrary  value.  Obviously  the 
actual  threshold  depends  on  the  application  purpose  of  the  screen,  the  target  signature  and  the  device 
types  present.  Therefore,  the  SCREEN  model  incorporates  a  second  module,  ITAM,  to  relax  the  threshold 
restriction  and  to  allow  analysis  more  relevant  to  electro-optical  device  testing  and  design  criteria 
including  the  other  obscuration  factors  listed  In  the  Introduction. 

ITAM  (an  acronym  for  Inverse  Target  AcquSItlon  Model)  Is  a  modified  version  of  the  Night  Vision 
and  Electro-Optics  Laboratory  Target  Acquisition  Model.  The  original  model  predicts  an  acquisition 
probability  for  given  input  scenario,  sensor  and  atmospheric  visibility.  Modification  was  required  to 
Invert  the  computation  sequence  for  SCREEN.  Thus,  the  user  Inputs  a  desired  maximum  acquisition 
probability  threshold,  and  the  model  then  determines  the  transmission  threshold  required  to  reduce  the 
probability  of  acquisition  to  this  level. 

The  devices  considered  Include  thirteen  imaging  systems  which  operate  In  the  visible  through  the 
far  Infrared.  These  Include  aided  and  unaided  eye,  day  television,  image  intensifies  and  various 
thermal  weapon  sights  or  FLlR's.  These  devices  should  be  taken  as  representative  of  the  general  types 
which  might  be  utilized  In  a  screening  environment  and  to  permit  analysis  of  the  dependence  of 
effective  screening  on  varying  scenarios. 
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The  computation  process  begins  with  the  determination  of  the  resolution  (In  terms  of  line  pairs 
or  resolvable  cycles)  required  at  the  display  for  the  given  acquisition  level  and  Input  probability  of 
acquisition.  This  step  is  Independent  o*  the  device  type.  The  acquisition  level  specifies  the  number 
of  line  pairs  required  for  50$  of  observers  to  achieve  successful  acquisition.  The  level  may  be 
assigned  a  numerical  value  according  to  task  (Table  I)  (Lawson  and  Shields,  1980).  Thus  this  step 
Incorporates  the  limitations  of  human  perception.  The  higher  the  level  of  the  task  (or  the  greater  the 
background  clutter  which  also  Increases  the  level)  the  greater  the  resolution  required.  As  a  result, 
higher  acquisition  levels  require  less  screening.  An  example  Is  shown  In  Figure  5  for  a  thermal 
system.  Similarly,  to  prevent  the  most  primitive  acquisition  task,  that  of  detection  In  an  uncluttered 
background,  larger  numbers  of  smoke  munitions  are  required. 

TABLE  1.  ACQUISITION  LEVELS 


TASK 


ACQUISITION  LEVEL 


Detection  (highly  visible)  <  1 

(uncluttered)  1 

(highly  cluttered)  2-3 

Orientation  1.4 

Classification  2.5 

Recognition  3-4 

Identification  6.4 


The  second  step  In  the  model  requires  user  definition  of  the  range  and  linear  dimension  of  the 
target.  The  required  minimum  resolvable  line  pairs  per  mllllradlan  subtended  by  the  target  Is  computed 
from  the  absolute  number  of  line  pairs  of  the  preceding  step.  A  greater  range  or  smaller  target 
requires  greater  resolution  and  thus  affects  the  screening  threshold. 

The  third  step  Introduces  specific  device  response  to  the  resolution  requirement.  Devices  are 
Identified  by  a  number  code  In  SCREEN.  In  addition  to  the  number,  the  user  must  specify  the  field  of 
view  mode  (wide  or  narrow)  and  ambient  Illumination  of  the  scene  for  non-thermal  devices.  The  model 
uses  device  dependent  parameterized  curves  to  relate  the  temperature  difference  or  contrast,  depending 
on  the  device,  required  at  the  device  aperture  for  the  number  of  line  pairs  per  mllllradlan.  For 
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those  devices  operating  In  the  visible  wavelength  region,  Interpolation  Is  performed  between  modeled 
ambient  Illumination  levels.  This  Interpolation  has  been  designed  to  provide  the  same  Interpolating 
.'faction  as  the  original  Target  Acquisition  Model.  Figure  6  shows  an  example  of  the  dependence  of 
expenditures  on  ambient  Illumination  for  a  particular  device  and  scenario. 

The  final  step  In  ITAM  Is  to  determine  the  transmittance  through  the  atmosphere  which  will  reduce 
the  contrast  or  temperature  difference  at  the  target  to  that  minimum  required  at  the  device  for  the 
Initially  specified  acqulstlon  probability.  The  user  must  provide  the  Intrinsic  contrast  or 
temperature  difference  between  the  target  and  Its  background.  At  visible  wavelengths  the  scattering 
of  ambient  illumination  Into  the  field  of  view  contributes  to  contrast  reduction.  The  model  therefore 
requires  the  user  to  specify  a  sky  to  background  ratio,  or  more  properly  the  path  radiance  to  background 
luminance  ratio.  Values  of  1  to  2  are  typical  for  light  haze,  but  for  dense  smoke  clouds,  calculations 
with  the  ACT  II  smoke  model  (Sutherland,  1981)  suggest  that  ratios  on  the  order  of  5  to  7  may  be  more 
proper  when  sunlight  and  skylight  reflect  off  the  surface  of  the  cloud.  Figure  7  shows  an  example  of 
the  effect  of  the  sky  to  ground  ratio. 

Figures  8  and  9  show  examples  of  the  expenditure  requirements  as  a  function  of  probability  of 
acquisition  as  predicted  by  the  SCREEN  model.  Table  II  summarizes  the  minimum  Input  requirements  of 
the  model . 


TABLE  II.  MODEL  INPUTS 


CWIC 

Screen  Length 
Screen  Duration 

Target  Range,  Azimuth  and  Elevation 

Terrain  Roughness 

Adverse  Weather  Type 

Wind speed 

Wind  Direction 

Visibility 

Relative  Humidity  (or  Temperature  and 
Dewpoint) 

Pasqulll  Category  (or  Cloud  Height  and 
Amount,  Latitude,  Longitude,  Date  arid 
Time) 


ITAM 

Intrinsic  Contrast  or  Temperature 
Difference 
Target  Range 
Target  Dimension 
Probability  of  Acquisition 
Acquisition  Level 
Device  Code  and  Mode 
Ambient  Illumination 
Sky/Background  Ratio 
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4.  CONCLUSIONS 

SCREEN  is  a  user-oriented  model  contained  in  EOSAEL  SO.  It  is  designed  to  allow  flexible  control 
of  input  variables  and  produces  readable  tabular  output.  The  model  provides  a  more  direct  connection 
between  the  reduction  in  transmission  provided  by  a  smoke  screen  and  requirements  of  electro-optical 
systems,  allowing  the  magnitude  of  various  effects  to  be  evaluated  which  also  contribute  to  the 
obscuration  process. 

5.  REFERENCES 

Duncan,  L.  (Editor),  1980:  EOSAEL  80,  Vo  1 ume  1 :  Technical  Documentation,  ASL-TR-0072,  Atmospheric 
Sciences  Laboratory,  white  Sands  Missile  Range,  NM. 

Duncan,  L.  D.  and  J.  D.  Lindberg,  1981:  Air  Mass  Considerations  in  Fog  Optical  Modeling,  ASL-TR-0075. 

Atmospheric  Sciences  Laboratory,  White  Sands  Missile  Range.  NM. 

Engebos,  B.,  1981:  Plans  for  the  Evaluation  of  Smoke  Munition  Expenditure  Models.  Proceedings  of  the 
Smoke/Obscurants  Symposium  V,  Harry  Diamond  laboratories,  Adelphi,  MD. 

Lawson,  W.  R. ,  I.  Cassidy,  and  J.  Ratches,  1978:  A  Search  Model.  Proceedings  of  the  IRIS  Specialty 
Group  on  Imaging. 

Lawson,  W.  R. ,  and  F.  Shields,  1980:  "EO  System  Evaluation  at  NVEOL,"  Night  Vision  and  Electro  Optics 
Laboratory,  Fort  Belvoir,  VA  (presentation  at  Symposium  of  Visual  Modeling  and  Evaluation  of 
Electro  Optical  Systems,  Royal  Military  College,  Swindon  Wilts). 

Pena,  R.,  1981:  Munition  Expenditure  Model  Verification  KWIK  Phase  I,  Proceedings  of  the  Smoke/ 
Obscurants  Symposium  V,  Harry  Diamond  Laboratories,  Adelphi,  MD. 

Shlrkey,  R.  C.  (Editor),  1980:  EOSAEL  80,  Volume  II:  User's  Manual.  ASL-TR-0073,  Atmospheric 
Sciences  Laboratory,  White  Sands  Missile  Range,  NM. 

Sutherland,  R.  A. ,  1981 :  Comparisons  Between  the  Upgraded  Model  ACT  and  Recent  Smoke  Week  Tests, 
Proceedings  of  the  Smoke/Obscurants  Symposium  V,  Harry  Diamond  Laboratories,  Adelphi,  MD. 

Umstead,  R.  K.,  R.  Pena,  and  F.  Hansen,  1979:  KWIK:  An  Algorithm  for  calculating  Munition 

Expenditures  for  Smoke  Screeninq/Obscuration  jn  Tactical  Situations,  ASL-TR-0030,  Atmospheric 
Sciences  Laboratory,  White  Sands  Missile  Range,  NM. 

Combat  Simulation  Target  Acquisition  Model  and  Da_ta  Input  (U),  CONFIDENTIAL,  1980,  Draft  NVEOL  Technical 
Report,  Night  Vision  and  Electro  Optics  Laboratory,  Fort  Belvoir,  VA, 


UNCLASSIFIED 


599 


UNCLASSIFIED 
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Donald  U.  Hoock  and  Robert  A.  Sutherland 
Atmospheric  Sciences  Laboratory 
USA  Electronics  Research  and  Development  Command 
White  Sands  Missile  Range,  New  Mexico  88002 


ABSTRACT 

The  mathematical  relation  between  transmittance  and  contrast  transmission  for  wavelengths  In  the 
visible  and  near  visible  Includes  the  ratio  of  the  path  to  background  luminances  between  target  and 
observer.  Some  models  for  electro-optical  systems  performance  at  these  wavelengths  require  this  ratio 
as  an  input,  e.g.,  the  Night  Vision  and  Electro-Optics  Laboratory  (NVEOL)  Target  Acquisition  Model  and 
the  Electro-Optical  Systems  Atmospheric  Effects  Library  (EOSAEL)  SCREEN  Model. 

For  the  case  of  both  target  and  observer  Inmersed  In  a  uniform  atmosphere  which  degrades  visibility 
this  quantity,  known  commonly  as  sky-to  background  ratio.  Is  available  from  widely  known  tables  and 
models.  However,  smoke  clouds  In  the  field  of  view  present  a  special  problem  due  to  reflected  ambient 
Illumination.  Therefore,  the  ACT  II  smoke  model  and  the  EOSAEL  80  aerosol  phase  function  data  base  have 
been  used  to  compute  values  of  the  path  to  background  luminance  ratio  for  representative  scenarios 
Involving  white  phosphorus  (WP)  smoke.  Results  may  be  used  as  Input  estimates  to  those  systems  perform¬ 
ance  models  which  require  this  ratio  In  the  presence  of  smoke.  Results  also  demonstrate  the  significant 
advantage  to  be  gained  on  the  battlefield  by  considering  contrast  transmission  rather  than  the  more 
ordinary  direct  transmission. 


1.  INTRODUCTION 

A  companion  paper  (Hoock,  1981)  points  out  the  sensitivity  of  current  smoke  screening  and  visual 
perception  models  to  a  quantity  referred  to  as  the  sky-to-background  ratio,  or  more  properly  the  path- 
to-background  luminance  ratio,  P/B,at  visual  wavelengths.  Another  paper  (Sutherland,  1981)  examines 
the  origins  of  this  quantity  for  smoke  clouds  and  describes  the  validation  of  a  model  which  can 
provide  P/B.  The  present  paper  provides  quantitative  estimates  which  can  be  used  to  satisfy  Input 
requirements  for  this  ratio  In  the  EOSAEL  80  smoke  munition  expenditure  model,  SCREEN  (Duncan,  et  al., 
1981).  It  also  lends  Insight  Into  certain  atmospheric  phenomena  of  general  Importance  to  the  smoke/ 
obscurants  modeling  community. 


The  sheer  complexity  of  the  problem,  which  involves  angular  functions  of  both  the  scattering 
medium  and  the  distribution  of  ambient  radiation  (Illumination),  prevents  at  present  any  quick  and 
simple  algorithm  for  generally  determining  the  appropriate  P/B  ratio.  For  this  reason  the  paper  Is 
limited  to  a  few  typical  scenarios.  However,  computations  for  other  specialized  scenarios  can  be 
carried  out  with  the  model  ACT  II,  described  In  detail  elsewhere  (Sutherland  and  Hoock,  1981; 
Sutherland  and  Clayton,  1981). 
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2.  PROBLEM  DEFINITION 


Contrast  is  defined  In  most  models  as 


C(s) 


Lt(s)  -  Lg(s) 


(1) 


where  s  is  some  distance  along  a  line  of  sight,  LT  Is  the  radiance  (luminance)  Incident  toward  the 
observer  from  the  target  and  Lg  the  same  quantity  from  the  direction  of  the  background.  The  term 
luminance  (candles/m  )  refers  to  radiance  (watt/m  -sr)  weighted  by  the  spectral  response  of  the  human 
eye  and  in  the  context  of  this  paper  can  be  used  Interchangeably. 

The  contrast  at  a  distance  s  can  be  related  to  the  Inherent  contrast  C(0)  by 


C{s)  = 


_ca01 


1  *  S„(t 


-1 


(2) 


where  t  is  the  path  transmission  and  Sg  Is  the  sky-to-background  ratio.  This  ratio  Is  more  properly 
defined  as 


lg(0)(l  - 


(3) 


Lp  is  the  path  radiance, which,  simply  stated,  Is  radiation  scattered  Into  the  field  of  view  from 
sources  over  the  entire  environmental  sphere  Including  sun  (or  moon),  sky  and  terrain.  The  appearance 
of  the  sky  Itself  is  a  manifestation  of  path  radiance  and  is  also  referred  to  as  diffuse  radiation. 

The  significance  of  path  radiance  to  problems  of  the  real  battlefield  lies  in  the  reduction  In  contrast 
which  In  turn  reduces  probability  of  target  acquisition.  The  quantity  Lp/Lg{0)  Is  the  path-to- 
background  luminance  ratio  (P/B).  The  term  contrast  transmission  Is  often  applied  to  the  ratio 


C(s 


(4) 


The  remainder  of  this  paper  deals  with  the  various  relationships  between  the  quantities  of  equations 
(1)  through  (4)  for  an  Intervening  smoke  cloud  In  the  line  of  sight. 
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3.  EXAMPLES  AND  DISCUSSION 

The  following  scenarios  were  chosen  for  computational  examples.  The  sun  Is  assumed  to  produce  a 

2  2 
beam  flux  of  380  watts/m  at  the  surface  with  a  uniform  sky  producing  an  additional  380  watts/m  , 

2 

giving  a  total  surface  Irradlance  of  760  watts/m  (one-half  solar  constant),  close  to  that  measured 
during  the  Smoke  Week  Tests.  The  surface  reflectivity  Is  assumed  0.25  and  the  background  reflectivity 
0.1.  A  single  105  nn  White  Phosphorus  (WP)  M60A2  smoke  round  (1.74  kg)  or  a  single  81  mm  WP  M375A2 
round  (0.795  kg)  Is  detonated  on  the  surface  at  a  point  midway  between  a  target  and  observer  separated 
by  1  km  as  sketched  In  Figure  1.  The  line  of  sight  Is  horizontal,  1.5  meters  above  the  surface. 
Meteorological  conditions  are  taken  to  be  a  5  m/s  wlndspeed  with  18%  relative  humidity  and  neutral 
stability  conditions.  To  remove  much  of  the  complication  introduced  by  the  transport  of  the  cloud, 
the  observer  and  target  are  assumed  to  move  downwind  at  5  m/s  such  that  the  cloud  remains  in  the  field 
of  view.  The  cloud  Is  allowed  to  undergo  the  usual  modeled  diffusion  (l.e.,  expansion  In  size)  but 
for  convenience  the  buoyant  rise  mechanism  of  the  model  Is  bypassed  so  that  the  cloud  remains  near  the 
surface. 

Smok"  optical  constants:  mass  extinction  coefficient,  single  scattering  albedo,  and  phase 
functions  are  those  compiled  for  WP  In  the  E0SAEL  80  library.  Molecular  and  adverse  weather  aerosol 
extinction  are  Ignored  so  that  effects  are  entirely  those  due  to  smoke.  Only  single  scattering  Is 
considered. 

Figure  2  presents  the  physical  changes  with  time  resulting  from  the  cloud  expansion.  Originally 

the  cloud,  modeled  as  a  Gaussian,  Is  small  and  thus  the  concentration  at  the  centroid  Is  high.  The 

volume  (4*/3  a  o  a  )  Increases  with  time  and  thus  the  concentration  decreases.  Figure  3  shows  the 
x  y  z 

path  Integrated  concentration  (CL)  between  the  target  and  observer  continually  decreasing  with  time  as 
one  would  expect.  Thus  far,  the  results  contain  nothing  new  and  are  typical  of  current  transport  and 
diffusion  models. 

A  more  Interesting  relationship,  however,  Is  displayed  In  Figures  3  and  4  for  the  path  luminance. 
These  predictions  were  obtained  from  the  ACT  II  model.  The  path  luminance  Is  Initially  at  a  nominally 
low  value.  It  then  Increases  monotonlcal ly  until  approximately  200  seconds  for  the  M60A2  and  approx¬ 
imately  130  seconds  for  the  M375A2.  It  then  decreases  monotonlcally  eventually  reaching  zero  as  the 
cloud  dissipates  (not  shown).  Intuitively  perhaps  one  might  have  assumed  that  the  path  luminance  Is  a 
monotonic  function  of  CL,  the  cloud  being  brighter  the  higher  the  smoke  concentration.  The  fact  that 
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FIGURE  1.  SKETCH  SHOWING  SCENARIO  GEOMETRY  USED  FOR  THE  EXAMPLES 
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FIGURE  4.  PATH  LUMINANCE  FOR  FOUR  EXAMPLES. 
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this  is  clearly  not  so  Is  demonstrated  in  the  figures.  This  emphasizes  a  fundamentally  Important 
difference  between  transmission  and  path  luminance.  (Both  quantities  are  necessary  to  determine 
contrast  transmission.)  Transmission  Is  determined  by  the  properties  of  the  obscurant  solely  along 
the  path  of  propagation,  whereas  path  radiance  is  a  manifestation  of  the  obscurant  properties  of  the 
entire  cloud  and  ambient  illumination. 

Referring  again  to  the  figures,  the  underlying  physical  explanation  of  the  result  is  that  the 
Initial  dense  cloud  blocks  both  direct  and  Indirect  light  from  the  surroundings  which  would  otherwise 
Interse'.t  the  line  of  sight  and  scatter  into  the  field  of  view.  Thus,  even  though  the  line  of  sight 
contalrs  a  large  quantity  of  scattering  material  (smoke),  the  luminance  is  actually  lowered.  Later, 
as  the  cloud  expands  and  becomes  less  dense,  more  light  from  the  surroundings  (sky,  sun  and  terrain) 
reaches  the  line  of  sight  and  scatters  into  the  field  of  view  causing  increased  brightness.  Eventually 
the  medium  becomes  less  dense  to  the  point  that  the  scattering  process  Itself  is  less  effective  and  the 
path  luminance  decreases. 

Figures  5  and  6  show  the  time  dependence  of  the  transmission  and  contrast  transmission  for  the 
computational  examples.  Note  that  the  peak  in  path  luminance  occurs  at  a  transmission  level  of  about 
25*.  This  transmission  level,  normally  considered  tc  be  well  above  perception  thresholds  in  models 
which  neglect  path  luminance,  is  well  above  the  contrast  transmission  value,  which  is  kept  small  by  the 
path  luminance.  Only  much  later  does  the  contrast  transmission  return  to  values  near  100*. 

Figures  4  through  6  also  demonstrate  the  assymetry  In  the  acquisition  process  along  a  target  and 
observer  line  of  sight.  The  sun  is  shown  for  the  cases  of  45  degree  zenith  angles  both  behind  the 
target  and,  for  a  separate  example,  behind  the  observer.  The  ordinary  transmissions  in  both  directions 
are  equal.  However,  the  contrast  transmission  from  target  to  observer  differs  from  that  for  the 
observer  to  the  target.  One  or  the  other  will  thus  have  an  "optical  advantage"  and  will  In  essence 
acquire  the  other  first.  This  Is  the  major  difference  in  the  importance  of  path  luminance  considerations 
over  simple  transmission  threshold  arguments  applied  to  the  realistic  battlefield. 

Interestingly,  the  results  of  Figures  4  through  6  clearly  show  a  distinct  optical  advantage  in 
having  the  sun  to  the  rear.  This  result  quantitatively  reinforces  an  old  military  rule  to  ’attack  with 
sun  at  the  rear."  This  rule  will  generally  hold  in  screening  with  current  Inventory  smokes  (WP,  HC,  and 
Fog  Oil);  however,  smoke  or  obscurants  producing  significant  backscatter  could  force  a  reversal. 
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figures  7  and  8  provide  a  quantitative  estimate  of  the  sky  to  background  ratio  required  by 

acquisition  models  In  the  presence  of  smoke.  The  values  in  Figure  7  are  dependent  upon  the  background 

reflet- -vity  assumed  0.1  in  tnis  case.  They  range  from  about  1  to  10  over  the  period  of  time  shown, 

and  vary  Inversely  with  the  background  reflectivity.  Therefore,  for  scaling  purposes,  Figure  8  shows 

2 

the  value  of  the  P/8  ratio  for  an  absolute  background  luminance  of  1  candle/m  .  A  model  user  can 
estimate  a  reasonable  value  for  a  given  screening  transmission  threshold  by  comparison  between  figures. 
However,  for  an  accurate  value  for  a  specific  scenario  a  full  model  computation  is  required. 

4.  CONCLUSIONS 

For  acquisition  modeling  of  a  smoke  obscured  scenario  at  visual  wavelengths,  transmission  is 
generally  Insufficient  as  the  only  required  quantity.  Contrast  transmission  must  also  be  taken  into 
account. 

Path  luminance  through  smoke  is  not  monotonical ly  dependent  on  smoke  concentration.  It  depends  on 
properties  of  the  entire  cloud. 

Acquisition  ability  between  a  target  and  observer  Is  rarely  symmetric.  Atmospheric  effects  will 
generally  give  one  side  the  advantage. 

The  path  to  background  ratio  Increases  as  the  cloud  dissipates,  although  precise  values  require 
non-trlvial  modeling  based  on  a  number  of  Inputs,  particularly  background  reflectivity. 
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OBSCURATION  EFFECTS  OF  WI N DBLOWN  DUST 


Mary  Ann  Seagraves 
Atmospheric  Sciences  Laboratory 
USA  electronics  Research  and  Development  Command 
White  Sands  Missile  Range,  New  Mexico  88002 


ABSTRACT 

Naturally  occurring  or  windblown  dust  causes  periods  of  low  visibility,  particularly  in  arid 
regions,  and  can  be  a  source  of  obscuration  of  electro-optical  devices  operating  in  the  visible  c' 
Infrared  spectral  regions.  Occurrence  of  windblown  dust  and  factors  influencing  the  injection  of  soil 
into  the  atmosphere  by  the  wind  are  described.  Characteristics  of  the  dust  affecting  atmospheric 
optical  properties  discussed  include  particle  number  density,  particle  sire  distributions,  and  complex 
index  of  refraction.  The  time  variation  of  extinction  through  a  Middle  East  dust  storm  derived  from 
single  scattering  calculations  is  given. 


1.  INTRODUCTION 


Naturally  occurring  windblown  dust  and  sand  in  the  atmosphere  can  be  a  source  of  obscuration  in 
many  areas  of  the  earth.  However,  it  is  most  likely  to  occur  in  the  arid  and  semiarid  regions  which 
comprise  approximately  one-third  of  the  earth's  land  surface  (Figure  1).  tne  characteristics  of  arid 
land:  which  cause  them  to  be  susceptible  to  windblown  dust  Include: 

(1)  lack  of  soil  moisture  and  vegetation  to  hold  soil  particles  to  surface, 

(2)  high  surface  wind  speeds  due  to  small  surface  friction  caused  by  lack  of  vegetation,  and 

(3)  atmospheric  instability  resulting  from  intense  heating  at  the  earth's  surface. 

In  the  Middle  East,  windblown  dust  frequently  causes  obscurations.  Figure  2  snows  the  annual 
number  of  occurrences  of  visibility  reduced  to  less  than  11  kilometers  by  blowing  dust  for  one  hour 
or  greater  duration  (Hinds  and  Hoidale,  1975)  for  selected  locations  in  the  Middle  East.  It  should  be 
noted  that  more  than  one  occurrence  could  take  place  in  a  day  if  there  was  an  intervening  period  of 
increased  visibility.  However,  this  was  seldom  the  case  in  the  data  used  for  this  analysis.  The 
comparable  number  of  occurrences  for  the  main  post  area  of  White  Sands  Missile  Range,  NM,  is  13  per 
year,  as  compared  to  208  per  year  for  Nasiryah,  Iraq.  Similarly,  the  annual  number  of  occurrences  of 
visibility  less  than  l  kilometer  due  to  a  dust  storm  of  one  hour  or  greater  duration  is  shown  in  Figure 
3.  The  comparable  number  of  occurrences  at  White  Sands  is  one  per  year. 

Late  spring  and  early  sumner  months  are  the  periods  when  windblown  dust  most  often  occurs  in  most 
Middle  Eastern  countries.  Figure  4  shows  the  frequency  of  occurrence  of  dust  reported  at  Abadan,  Iran, 
which  Is  located  at  the  northern  end  of  the  Persian  Gulf.  At  Abadan,  as  at  most  Middle  East  stations, 
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dust  Is  reported  with  greatest  frequency  during  the  afternoon  hours  (12-17  hours  LST) .  Figure  5 
depicts  the  total  percentage  of  the  time  In  which  visibility  Is  reduced  to  low  levels  at  Abadan  In 
July  during  afternoon  hours.  For  example,  101.  of  the  time  visibility  Is  3  km  or  less. 


FIGURE  3.  ANNUAL  NUMBER  OF  OCCURRENCES  OF  VISIBILITY  LESS  THAN  1  KM 
DUE  TO  OUST  STORM  OF  ONE  HOUR  OR  GREATER  DURATION. 


2.  MOVEMENT  OF  SOIL  BY  WIND 

The  factors  which  influence  the  Injection  of  soil  particles  Into  the  atmosphere  by  the  wind  are 
numerous  and  subject  to  complex  Interactions.  Some  of  the  more  Important  of  these  factors  are  listed 
In  Table  I  (Chepll,  1945).  The  Influence  of  any  of  these  factors  may  be  positive  or  negative  and  one 
factor  may  counteract  the  Influence  of  another  In  any  situation,  which  greatly  Increases  the  complexity 
of  models  and  prediction  schemes.  For  example,  wind  turbulence  Increases  the  degree  of  wind  erosion. 
Yet  the  erosion  of  a  rough  surface,  where  turbulence  is  stronger,  is  much  less  that  that  of  a  smooth 
surface  where  the  mean  wind  speed  Is  greater. 


UNCLASSIFIED 


FREQUENCY  OF  OCCURRENCE  OF  DUST  (PERCENT) 


UNCLASSIFIED 


1.  Air 

a. 

b. 

c. 

d. 

e. 


MONTH 

FIGURE  4.  PERCENT  FREQUENCY  OF  OCCURRENCE  OF  DUST  BY  MONTH  AT  ABADAN,  IRAN. 

TABLE  I.  FACTORS  INFLUENCING  MOVEMENT  OF  SOIL  BY  WIND 

3.  Soil 

a.  structure  affected 
organic  matter,  lime 
content,  and  texture 

b.  specific  gravity 

c.  moisture  content 


velocity 
turbulence 
densl  ty 
viscosity 
moisture  content 


2.  Ground 

a.  roughness 

b.  cover 

c.  obstructions 

d.  temperature 

e.  topography 
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a-  VISIBILITY  (km) 


FIGURE  5.  PERCENT  OF  TIME  OF  REOUCEO  VISIBILITY  DURING  JULY  12-17  HOURS  (LST)  AT  ABADAN,  IRAN. 


3.  AEROSOL  CHARACTERISTICS  AFFECTING  ATMOSPHERIC  OPTICAL  PROPERTIES 


The  characteristic*  of  atmospheric  aerosols  or  airborne  dust  particles  which  most  strongly  affect 
the  optical  properties  of  the  atmosphere  are: 

(1)  particle  size  distribution 

(2)  particle  number  density  or  concentration, 

(3)  complex  Index  of  refraction,  and 

(4)  particle  shape. 

The  particle  size  distribution  Is  an  Important  factor  In  the  transfer  of  radiation  through  the 
atmosphere  since  with  a  more  narrow  distribution  the  dependence  of  extinction  on  wavelength  Is 
stronger,  while  with  a  broad  distribution  extinction  becomes  Independent  of  wavelength.  It  has  been 
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RADIUS  (pm) 

FIGURE  6.  TYPICAL  SIZE  DISTRIBUTION  OF  AIRBORNE  BUST  (Patterson  and  Gillette,  197/a), 


found  that  for  visible  wavelengths  the  particles  which  contribute  most  to  extinction  are  those  In  the 
size  range  0.62  <  r  <  20um  (Patterson,  et  al.,  1976)  while  larger  ones  contribute  more  significantly 
at  longer  wavelengths,  Although  the  size  distribution  of  the  soil  particles  In  the  atmosphere  Is  a 
function  of  the  parent  soil.  It  Is  not  Identical  to  the  surface  soil  slz'*  distribution.  Measurements 
have  indicated  that  the  size  distribution  Is  generally  multimodal  (Patterson  and  Gillette,  1977a)  as 
Illustrated  In  Figure  6.  This  multimodality  characteristic  may  be  explained  by  considering  the  physical 
processes  Involved  In  causing  soil  particles  to  leave  the  surface  of  the  earth  and  enter  the  atmosphere. 
In  1941,  R.  A.  Bagnold  (1941)  presented  a  theoretical  discussion  of  these  processes  which  is  still 
accepted  as  valid. 
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FIGURE  7.  SIZE  OF  PARTICLE  SUSCEPTIBLE  TO  MOVEMENT  BY  WIND  VS  FRICTION  VELOCITY  V*. 

V,  is  related  to  wind  velocity  V  at  altitude  Z  by  V  1  5. 75V*log(Z/k) 
where  k  Is  roughness  length  (after  Bagnold,  1941). 

According  to  Bagnold  there  Is  a  optimal  size  '0.1  nm  diameter  for  particles  to  be  susceptible  to 
movement  by  the  wind  as  shown  in  Figure  7.  Smaller  particles  are  less  likely  to  be  Injected  into  the 
air  by  wind  because  of  their  reduced  cross-sectional  area  while  larger  particles  will  be  more  difficult 
to  be  picked  up  because  of  their  Increased  mass.  These  particles  which  are  picked  up  directly  by  the 
wind  comprise  the  "saltation  mode"  and  are  carried  along  by  the  wind  In  a  series  of  short  bounces.  The 
peak  value  in  the  size  distribution  for  this  mode  is  the  radius  between  10  and  lOOwm.  The  saltation 
mode  particles  have  a  fairly  high  fall  velocity  as  shown  in  Figure  8  and  disappear  rapidly  from  the 
overall  size  distribution  as  the  wind  decreases. 

The  suspension  mode  consists  of  smaller  particles  injected  into  the  atmosphere  when  larger 
particles  such  as  those  In  the  saltation  mode  bounce  on  the  surface  or  strike  agglomerates  causing 
small  pieces  to  break  off.  These  particles  generally  have  a  radius  mode  between  1  and  10um  and  fall 
much  more  slowly  than  saltation  mode  particles  since  the  viscosity  of  the  atmosphere  tends  to  retard 
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FIGURE  8.  RELATIVE  SIZE  AN0  RATE  OF  FALL  OF  SMALL  PARTICLES  (after  Bagnold,  1941). 


their  descent.  This  mode  generally  appears  somewhat  later  in  a  storm  and  tends  to  reach  an  equilibrium 
size  distribution  which  Is  approximately  constant  with  wind  speed  (Gillette,  et  al . ,  1974). 


The  particles  comprising  suspension  mode  are  the  most  important  to  consl  ng  the  optical 

properties  of  the  atmosphere  with  the  saltation  mode  particles  being  loss  slgnir  .  - 1 cal ly .  Two 

other  modes  which  are  usually  negligible  from  an  optics  viewpoint  are  the  surface  cr«.  mode  and  the 
background  mode.  The  particulates  comprising  the  surface  creep  mode  range  In  size  from  0.5mm  to  1.0mm 
In  diameter  and  tend  to  roll  and  slide  along  the  surface.  The  background  mode  consists  of  particles 
from  .02  to  6.5um  In  diameter.  It  appears  to  always  be  present  In  the  atmosphere  and  is  unrelated  to 
the  other  modes  In  composition. 

Models  of  the  particle  size  distributions  of  naturally  occurring  dust  usually  use  lognormal  or 
power-law  dl stributlons  (Schutz  and  Jaenlcke,  1974;  Gillette,  ek  al.,  1972;  Gillette,  1974;  Bllfford 
and  Gillette,  1971).  It  appears  that  a  reasonably  realistic  :<ze  distribution  model  would  be  one 
composed  of  overlapping  lognormal  distributions,  one  for  each  particle  mode  to  be  Included  (Gillette, 
1974;  Bllfford  and  Gillette,  1971). 
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Within  a  single  storm  the  particle  number  density  or  concentration  Is  highly  variable  horizontally 
If  the  winds  are  strong  and/or  gusty.  One  observation  of  dust  cloud  mass  concentration  made  using  Ildar 
backscatter  data  showed  variations  of  over  a  factor  of  eight  (Barber,  1979).  The  mean  mass  concentra¬ 
tion  Is  strongly  correlated  to  the  mean  friction  velocity  which  Is  a  function  of  the  horizontal  wind 
speed,  height  above  the  surface,  and  roughness  of  the  surface.  Of  course,  the  credibility  of  the  soil 
Is  also  an  Important  factor  (Shinn,  et  al.,  1974).  Variations  in  the  concentration  are  related  to 
fluctuations  in  vertical  wind  speed  which  result  from  turbulent  flow.  However,  because  of  the  Inertia 
of  the  particles,  one  cannot  be  sure  that  they  are  traveling  with  the  atmospheric  flowt  but  their 
behavior  will  be  dependent  upon  the  size  of  the  particles  In  relation  to  the  scale  of  the  turbulence 
and  upon  the  interactions  of  the  particles  when  the  concentration  is  high  (Hldy  and  Brock,  1970). 

The  distribution  of  dust  with  height  is  strongly  Influenced  by  the  thermal  stratification 
(F-arenblatt  and  Golitsyn,  1974).  Under  convective  conditions  such  as  exist  during  the  initial  and 
active  stages  of  a  dust  storm,  the  concentration  of  the  suspension  mode  particles  tends  to  a  constant 
value  to  large  heights.  For  stable  conditions  the  concentration  of  these  particles  diminishes 
exponentially  with  height.  The  saltation  mode  particles  will  be  found  only  In  the  lowest  few  meters 
above  the  surface  and  only  during  periods  of  strong  surface  winds. 

Efforts  have  been  made  to  relate  visibility  directly  to  mass  concentration  of  airborne  dust 
particles  (Patterson  and  Gillette,  1977b)  using  the  relationship  MVY  *  C,  where  M  Is  mass  concentration, 

V  Is  visibility,  and  y  and  C  are  constants.  It  was  found  that  there  was  no  single  value  of  C  that  was 
generally  applicable  for  relating  mass  concentration  and  visibility. 

The  complex  index  of  refraction  Is  dependent  upon  the  chemical  composition  of  the  dust  particles. 
Calculations  have  shown  that  extinction  of  visible  and  near-infrared  radiation  by  airborne  dust  Is 
nearly  Independent  of  the  complex  Index  of  refraction  over  a  reasonably  wide  range  of  realistic 
atmospheric  values  (Jennings  and  Gillespie,  1978).  In  the  middle  Infrared  region  (8-12um)  extinction 
Is  more  strongly  dependent  upon  the  complex  Index  of  refraction  and  both  the  real  and  Imaginary  parts 
are  more  variable  with  soil  type  than  at  shorter  wavelengths.  Measurements  have  shown  that  for  certain 
soil  types,  especially  clays,  absorption  makes  a  significant  contribution  (25-50%)  to  total  extinction 
in  the  middle  Infrared  regions  (Carlon,  1980)  Implying  that  the  imaginary  part  of  the  Index  of 
refraction  Is  critical  In  this  region.  Studies  by  Gillette  and  Walker  (1977)  have  shown  that  for  at 
least  some  soil  types,  the  saltation  mode  particles  are  usually  quartz  and  the  suspension  mode  usually 
consists  of  various  clay  minerals.  Clay  particles  are  more  fragile  than  quartz  and  thus  tend  to  break 
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Into  smaller  pieces  when  sandblasted  during  windy  conditions.  As  a  result,  the  most  optically 
significant  particles  tend  to  be  of  types  of  clay,  for  which  the  complex  Index  of  refraction  can  vary 
considerably  In  the  middle  Infrared  region.  Thus,  It  Is  difficult  to  make  statements  about  the  optical 
properties  of  dust  in  the  8-12pm  wavelength  region  which  would  have  application  In  a  variety  of 
geographical  locations. 

The  Irregular  shapes  of  dust  particles  affects  the  radiative  transfer  properties  of  the  atmosphere 
and  adds  another  level  of  complexity  to  the  already  complex  problems  of  modeling.  The  standard  Mle 
scattering  theory  applicable  for  spherical  particles  Is  generally  thought  to  give  satisfactory  results 
for  total  extinction  calculations  but  Is  unsatisfactory  for  calculating  scattering  patterns  and  back- 
scatter  amounts.  There  are  currently  computation  techniques  being  developed  (Chylek,  et  al . ,  1976; 
Pollack  and  Cuzzi ,  1980)  for  handling  the  nonspherlcal  shapes  which  should  prove  useful  In  future 
modeling  efforts. 


4.  MECHANISMS  FOR  REMOVAL  OF  DUST  FROM  ATMOSPHERE 

The  saltation  mode  particles  are  generally  removed  rather  rapidly  by  direct  fallout  and  this  mode 
tends  to  disappear  with  decreasing  wind  speed.  The  suspension  mode  particles  fall  outmuch  more  slowly 
and  may  be  transported  hundreds  of  kilometers  from  their  place  of  origin  before  being  removed  from  the 
atmosphere.  Ralnout  and  washout  are  mechanisms  which  can  cause  removal  of  the  smaller  particles. 

Small  hygroscopic  particles  may  be  removed  by  fallout  by  encountering  air  containing  moisture  which 
will  cause  them  to  Increase  In  size  by  absorption  of  moisture  and  thus  fall  faster. 

5.  ESTIMATES  OF  EXTINCTION  DURING  A  DUST  STORM 


On  6  June  1977,  a  Sharav  (Khamsin)  dust  storm  occurred  In  the  Negev  desert  of  Is.ael,  brought  on 
by  the  passage  of  a  low  pressure  system  coming  from  the  North  Africa  deserts  (Levin,  et  al.,  1980). 

The  dust  appeared  first  at  high  altitudes  and  then  later  was  observed  at  the  surface.  The  horizontal 
visibility  ranges  from  40  to  50  kilometers  In  the  morning  hours  until  about  1100  LST  when  It  decreased 
and  ranged  from  1  to  10  kilometers. 

During  the  course  of  the  storm  and  for  the  two  days  following  the  storm  measurements  were  made  at 
the  Wise  Astronomical  Observatory  of  Tel  Aviv  University  near  MUzpe  Ramon  (latitude  30.596  N, 
longitude  34.762  E,  890  meters  MSL).  Aerosol  size  distributions  were  measured  with  a  Royco  optical 


622 


UNCLASSIFIED 


UNCLASSIFIED 

counter.  The  Imaginary  part  of  the  Index  of  refraction  was  found  for  a  period  of  time  which  included 
the  storm.  These  data  have  been  analyzed  and  discussed  by  Levin  (1980). 

To  obtain  estimates  of  the  extinction  and  scattering  which  would  occur  during  Sharav  conditions, 

Mle  calculations  have  been  made  and  some  of  the  results  are  presented  in  Figures  9  and  10.  The  particle 
size  distributions  used  In  calculations  were  power  law  distributions  with  parameters  as  Levin  derived 
from  his  measurements.  The  complex  indices  of  refraction  used  were  as  found  by  Levin,  if  available,  or 
else  typical  values  for  desert  aerosols.  Values  of  the  various  parameters  used  are  given  In  Table  II. 

TABLE  II.  DATA  PARAMETERS  USED  IN  MIE  CALCULATIONS 


Number  Density 
3 

Date/TIme  (particles/cm  ) 

6/6/  TOO  31 

/II 30  32 

/1230  58 

/ 1 330  53 

/ 1405  29 

/ 1550  23 

/ 1630  17 

6/7/0805  9 

/0900  6 

/120C  5 

/ 1405  5 

/1700  8 

6/8/0845  4 

/II 45  3 

/ 1630  13 

Wavelength 
0.55pm 
1 . 06pm 
4.0pm 
10. 6pm 


Power  Law  Distribution  Parameters 
_  C  8 


10.60 

1.38 

10.13 

1.46 

7.93 

1.97 

13.80 

1.71 

5.91 

2.19 

5.54 

2.13 

3.14 

2.27 

0.85 

2.48 

0.53 

2.55 

0.56 

2.30 

0.37 

2.48 

1.56 

1.98 

2.63 

2.17 

0.74 

1.74 

2.17 

2.03 

Complex  Index  of  Refraction 

1.55- 0.0051 

1.55- 0.0041 
1.55-0.0041 
1.7  -0.21 


Particle  Radius  Maximum  =  10pm 
Particle  Radius  Minimum  =  0.2pm 
Particle  Density  *  2.5  gm/cm3 
Path  Length  *  1  km 
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FIGURE  9.  EXTINCTION  COEFFICIENT,  VISIBILITY,  AND  MASS  CONCENTRATION  DURING  SHARAV  CONDITIONS. 


DAY/HOUR 
M  JUNE  1977 


FIGURE  10.  ATMOSPHERIC  SCATTERING  DURING  SHARAV  CONDITIONS  (1  km  path). 
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The  Mie  calculations  were  done  In  four  wavelengths:  0.55,  1.06,  4.0,  and  10.6  micrometers. 

However,  in  Figures  9  and  10  only  data  for  0.55  micrometer  are  shown  for  7  and  8  June  because  the  data 
points  for  the  other  wavelengths  were  very  nearly  identical  to  the  0.55  micrometer  data  points.  Note 
that  scattering  shown  in  Figure  10  is  for  a  geometric  path  length  of  one  kilometer. 

The  total  extinction  increases  with  increasing  wavelength  during  the  early  part  of  the  storm, 
while  for  scattering,  the  10.6  micrometer  wavelength  undergoes  less  effect  than  the  other  wavelengths 
calculated.  However,  the  absorption  at  10.6  micrometers  is  greater  than  at  other  wavelengths,  making 
the  total  extinction  at  10.6  micrometers  greater. 

In  addition  to  these  calculations,  Mie  scattering  calculations  were  also  made  by  using  the 
measured  particle  size  distributions  (instead  of  power  law  distributions).  The  magnitudes  of  the 
extinction  and  scattering  found  were  comparable  to  or  smaller  than  those  derived  from  the  power  law 
distributions. 

These  results  are  most  likely  degraded  somewhat  by  the  use  of  some  assumptions  necessary  for  the 
Mie  calculations,  namely,  that  the  dust  particles  are  spherical,  uniformly  distributed,  and  have  uniform 
complex  indices  of  refraction,  and  that  multiple  scattering  effects  are  negligible.  The  impact  of  these 
assumptions  is  not  well  known  for  such  conditions.  However,  the  results  given  here  provide  estimates  of 
the  magnitudes  of  the  effects  that  dust  storms  can  have  on  electromagnetic  radiation. 

6.  CONCLUSIONS 

The  optical  properties  of  atmosphere  laden  with  windblown  dust  are  strongly  dependent  upon  the  dust 
particle  size  distribution  and  the  number  density  (which  may  be  highly  variable  within  a  dust  cloud). 

In  the  middle  Infrared  spectral  region  the  complex  index  of  refraction  which  is  variable  with  soil 
composition  Is  also  an  important  factor.  The  determination  of  the  relationship  between  the  optical 
properties  of  a  dust  cloud  and  measurable  meteorological  parameters  requires  a  knowledge  of  the 
pi  jcesses  causing  wind  erosion  and  the  interrelationships  between  various  surface  and  atmospheric 
characteristics. 

Single  scattering  calculations  based  on  particle  size  distributions  made  during  a  Middle  East 
dust  storm  have  shown  that  extinction  during  the  early  stages  of  the  storm  Is  greater  for  middle 
Infrared  wavelengths  than  for  near  Infrared  or  visible  wavelengths.  This  results  from  the  increased 
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absorption  of  middle  infrared  wavelengths  by  airborne  dust  particles.  As  the  storm  decreases,  the 
larger  particles  tend  to  settle  out  leaving  primarily  suspension  mode  particles.  The  extinction 
during  this  time  Is  less  wavelength  dependent,  with  reduced  scattering  effects  at  the  longer  wavelengths 
being  offset  by  more  absorption  than  that  occurring  at  shorter  wavelengths. 

There  are  several  Important  parameters  for  which  sufficient  data  is  not  available  from  which  to 
construct  and  evaluate  models.  Among  these  are  detailed  number  density  and  particle  size  distribution 
measurements  showing  the  spatial  variations  In  both  the  horizontal  and  vertical.  Another  Is 
transmittance  measurements  through  dust  clouds  whose  other  properties  have  also  been  measured. 
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ABSTRACT 

As  a  result  of  the  recent  renewal  of  interest  in  the  optical  properties  of  military 
smokes,  extensive  measurements  of  the  extinction  spectra  of  white/red  phosphorus 
(WP/RP )  have  been  made  in  the  3-5  um  and  7-14  |in  spectral  regions.  Lorenz-Mie 

calculations  and  experimental  measurements  on  o-phosphor tc  acid  have  shown  that  the 
smoke  paz  tides  produced  by  burning  phosphorus  in  the  open  atmosphere  are  not  composed 
of  o-phosphor ic  acid,  but  Instead  are  composed  of  complex  oxy phoa pho rus  acids.  The 
extinction  of  phosphorus  smoke  can  be  calculated  with  reasonable  accuracy  by  using  the 
optical  constants  of  o-phosphor ic  acid  in  the  3-5  um  inf  rared ,  but  not  in  the 
7-14  um  infrared.  In  this  study  a  new  method  of  determining  optical  constants  from, 
extinction  spectra  will  be  briefly  described  and  applied  to  phosphorus  smoke  in  the 
7-14  um  infrared.  Extinction  spectra  and  the  corresponding  optical  constants  for 
phosphorus  smoke  will  be  presented  as  a  function  of  relative  humidity .  Because  the 

complex  oxyphosphorus  acids  which  are  present  in  the  smoke  droplets  evolve  with  time 
toward  simpler  chemical  species ,  the  extinction  of  phosphorus  smoke  In  the 
7-14  um  infrared  is  time  dependent  .  The  time  dependent  extinction  spectra  and  optical 
constants  will  be  presented  and  the  optical  constant  data  will  be  examined  for  insight 
into  the  chemical  nature  of  phosphorus  smoke.  Finally,  the  effective  extinction 
coefficients  for  phosphorus  smoke  across  the  7-14  um  band  will  be  presented  as 
function*  of  relative  humidity  and  time. 
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I.  INTRODUCTION 

The  extinction  spectre  of  phosphorus  smoke  in  the  7-14  pm  sped  rsl  region  ere  of 
special  interest  because  the  oxy phosphorus  compounds  in  the  smoke  droplets  are 

optically  active  in  this  region,  and  thus,  the  ext lnct ion  spectra  taken  under  different 
environmental  condition*  contain  much  useful  information  about  the  changing  chemical 
and  physical  properties  of  the  smoke  droplets .  This  paper  presents  a  study  of  the 

infrared  optical  properties  of  phosphorus  smoke  in  the  7-14  urn  spectral  region.  He 

define  the  hroad  tern  optical  properties  to  mean  experimentally  determined  extinction 
spectra  and  three  additional  quantities  derived  from  the  spectral  extinction  -  the 
optical  constants  n(\),  k(\]  and  the  effective  or  integrated  extinction  across  the  7- 
14  un  band.  Since  phosphorus  smoke  is  hygroscopic,  the  moisture  content  of  the 

atmosphere  in  which  the  smoke  is  disseminated  has  a  strong  influence  on  the  extinction. 
A  change  in  the  atmospheric  relative  humidity  changes  the  particle  size  d i at r lbut ion , 
the  optical  constants ,  and  the  density  of  the  particles.  Phosphorus  amoks  is  also 
chemically  ur.stabla  and ,  as  a  result  ,  the  axtinctlon  of  phosphorus  amoks  in  the 
7-14  urn  band  is  time  dapondent . 

In  the  . irst  part  of  this  paper,  we  will  review  the  changes  in  the  apoctral 
extinction  of  phosphorus  amoks  with  relative  humidity  end  with  time,  and  in  the  second 
part,  we  will  present  the  optical  constants  and  effective  extinction  across  the  7- 
14  um  band  which  were  derived  from  the  spectral  extinction  massu  raironts . 

The  test  facility  used  to  make  t heso  measurements  was  the  DaRCOH  Smoko 
Characterization  Facility  ( Figure  1),  which  is  part  of  the  Chemical  systems  laboratory 
located  at  Aberdeen  Proving  Ground,  HD.  The  spectral  extinction  was  measured  by 
burning  a  known  amount  of  phosphorus  -  either  whits  or  red  phosphorus  I WP/RP )  -  in  the 
190  n3  chamber/  the  phosphorus  smoke  was  stirred  continuously  in  order  to  maintain  a 
uniform  aerosol  concent  rat  ion .  An  Exotech  modal  10-34  radiometer  with  a  circular 
variable  filter  monochrometer  was  used  to  ecan  the  7-14  ym  region  at  the  rate  of  15 
scans  per  minute/  the  path  length  through  the  aerosol  was  6.1  m.  Particle  size  samples 
were  taken  with  an  Andersen  model  2000  cascade  impactor,  and  the  sarosol  mass 
concent  rat  ion  was  determined  from  samples  taken  on  glass  fiber  filters.  A  moisture 
absorbing  "train"  containing  magnesium  perchlorate  desiccant  is  used  for  a  gravimetric 
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determl na t ion  of  abaolute  and  relative  humidity.  The  extinction  spectra  were 
determined  by  a  Beer's  law  analysis 

a(\)  -  -  1/ Cl  In  \ I (\ )/Io(\  )}  < 1 1 

extinction  coefficient  at  wavelength  X,  tm3/gm! 
aerosol  concent  rat  ion,  tgm/m* j 
optical  pathlength ,  [ m / 

measured  spectral  lntens lty  with  smoke  in  the  chamber,  / volts] 
measured  apectal  intensity  with  no  smoke  in  the  chamber,  ( volts ) 


where  a(X) 
c 

l. 

If  X  1 
iof*i 


Figure  2  shows  a  typical  phosphorus  extinction  spectrum  which  is  characterized  by 
extinction  peaks  located  near  a  urn  and  10  vm  with  a  relative  extinction  minimum  between 
the  peaks  and  a  "shoulder"  near  11  urn  /  beyond  11  urn  th®  ext inction  falls  rapidly  to  a 
relatively  constant  level.  One  of  the  remarkable  aspects  of  the  unaged  phosphorus 
smoke  spectra  is  the  general  reproducibility  of  the  spectral  profile.  Phosphorus,  when 
burned  alone  or  in  formulations  which  contain  organic  polymer lc  binders,  catalysts ,  and 
oxidizers,  produces  spectra  of  the  same  cha recte r 1st lc  shape,  somewhat  dependent  on 
relative  humidity,  but  otherwise  easily  recognized  as  those  of  phosphorus  smokes. 

The  formation  of  a  phosphorus  smoke  is  usually  described  by  the  chemical 
equations i 


4P  +  50 j 

m 

2P30i 

(2) 

PgOs  *  IHpO 

m 

2H)P04 

ID 

HjPOq  *  n  .  HgO 

HjPOq  >  nH jO 

(<) 

The  validity  of  this  formation  mechanism 

i* 

easily  tested  by  en  exper lment 

in  which  a 

solution  of  o*phoaphor lc  acid  is  sprayed  into  the  test  chamber i  the  extinction  spec trum 
is  determined  and  compared  with  the  phosphorus  extinction  spectrum 1  .  Figure  i  shows 
the  results  of  such  an  experiment  compared  with  a  spectrum  calculated  from  Lorenz-Mle 
theory  by  using  the  optical  constants1  tor  65%  (by  weight )  o-phosphor  lc  acid.  The 
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measured  particle  site  distribution  was  represented  by  a  log-normal  distribution  with  a 

mast  median  diameter  (HMD)  of  3.3  gm  and  a  geometric  standard  deviation  (o  j  of  2,0. 

9 

While  there  la  excellent  agreement  between  the  measured  and  calculated  spectrum  tor  o- 
phoaphor ic  acid,  this  clearly  is  not  a  phosphorus  smoke  spectrum.  The  chemistry  of  the 
smoke  formation  must  be  more  ccmplt  •  thsn  indicated  by  Equations  2-4.  Certainly,  the 
hydrat ion  of  o-phosphorlc  acid  to  produce  the  final  smoke  droplets  cannot  be  correct, 
and  if  the  reaction  of  phosphorus  pentox Ida  with  water  to  produce  o-phoephoric  acid  has 
any  validity,  it  cannot  occur  directly.  Instead,  the  reaction  must  proceed  through  the 
formation  of  intermediate  compounds  which  are  optically  active  in  the  7-14  gin  region. 

II.  DEPENDENCE  OT  PHOSPHORUS  SMOKE 
EXTINCTION  ON  RELATIVE  HUMIDITY 

Figure  4  shows  the  changes  to  the  white  phosphc.ru*  extinction  spectrum  which  occur 
when  the  relative  humidity  increeeee  from  23%  to  85%/  these  spectra  were  obtained  by 
burning  FISCHER  NF  grade  WP  in  the  chamber.  Figure  5  shows  the  calculated  extinction 
of  o-phosphotlc  acid  tor  eight  relative  humidities  (concent  rat  ions )3  as  well  as  the 
extinction  spectrum  tor  water *  (100XRH).  The  behavior  of  the  extlr.-tlon  for  phosphorus 
smoko  end  o-phosphoric  acid  aerosols  is  typical  of  hygroscopic  materials  and  becomes 
more  waterlike  ea  the  relative  humidity  Increeeee.  The  BS%  RH  spectrum  for  WP  hat 
changed  substantially  from  the  lower  RH  spectra/  however,  it  is  not  nearly  aa  waterlike 
as  the  82%  RH  o-phosphorlc  scld  spsctrum.  Thsrsfors ,  it  would  eppesr  that  the  uptake 
of  water  for  phosphorus  smoke  is  less  than  for  o-phosphorlc  acid  ot  the  seme  relative 
humidity,  and  the  t rene it  ion  of  phosphorus  smoke  to  waterlike  spectra  occurs  for  s 
relative  humidity  which  is  higher  then  the  corresponding  relative  humidity  for  o- 


phcsphcrlc.  acid , 


III.  TIME  DEPENDENT  EXTINCTION  SPECTPA  FOR  PHOSPHORUS  SMOKE 


In  order  to  examine  the  variation  ot  the  phosphorus  smoke  extinction  with  time,  an 
experiment $  wee  conducted  in  which  51.1  gm  ot  rad  phosphorus  were  burned  in  the  teat 
chamber.  The  result ing  phosphorus  smoke  wee  held  in  the  chamber  tor  280  min,  after  the 
phosphorus  ignition  and  scanned  continuously  with  the  Exotech  radiometer.  Measurements 
ot  the  aerosol  concentration,  relative  humidity/  and  particle  size  dlatribution  were 
made  u*-  various  tints*  throughout  the  tost/  Table  I  shows  the  results  of  these 
measurements  as  a  function  of  time.  The  concentration  measurements  are  presented  as 
values  of  the  concent ra t ion  -  path  length  product  (CL),  The  phosphorus  amoke  behaved 
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in  a  predictable  fashion  for  a  hygroscopic  material ;  the  mass  median  diameter  (HMD)  of 
the  smoke  particles  increased  ui th  time  while  the  relative  humidity  inside  the  chamber 
decreased  slightly  (7,1%),  The  extinction  spectra  taken  during  twenty-eight  sampling 
periods  were  determined  by  a  Beer's  law  analysis  of  the  radiometer  data.  The  values  of 
the  transmitted  intensity  with  aerosol  in  the  chamber  were  determined  by  averaging  75- 
BO  radiometer  scans  for  each  of  the  sampling  periods.  The  intensity  with  no  aerosol  in 
the  chamber  was  determined  by  averaging  fifty  radiometer  scans  taken  before  the 
phosphorus  ignition  with  fifty  scans  taken  after  the  aerosol  was  vented  at  the  end  of 
the  teat.  The  Intrasample  variability  of  the  scans  was  not  statistically 

significant.  The  resulting  extinction  spectra  are  shown  in  Figures  6,8-12. 

Flgurs  6  shows  the  overall  spectral  changes  which  occur  in  the  7-14  us  phosphorus 
smoke  extinction  as  tine  Increases.  The  extinction  spectra  taken  up  to  16.9  min.  after 
the  phosphorus  ignition  show  little  change  in  spectral  shape.  Thereafter ,  the  spectral 
a ignature  changes  slowly,  and  the  overell  level  of  extinction  tends  to  rlss  as  the  8 
Ufli  peak  disappears  end  the  magnitude  of  the  10  pm  extinction  peak  Increases  at  first 
and  then  falls  to  a  somewhat  lower  level.  The  location  of  the  extinction  peak  near  10 
vm  also  shifts  to  longer  wavelengths  as  the  smoke  ages/  this  shift  is  probably  due  to 
the  increase  in  particle  size  which  results  from  coagulation  and  growth  of  the 
aerosol .  The  locstlon  of  ths  "shoulder"  was  relatively  stable  throughout  the  duration 
of  the  test , although  it  tends  to  become  somewhat  indistinct  as  the  smoke  ages.  In  the 
region  beyond  12  vm ,  the  extinction  tends  to  rise  throughout  the  test,  as  would  be 
expected ,  since  this  region  is  sensitive  to  the  increase  In  hydration  of  the  aerosol 
whic!:  is  taking  place. 

Figure  7  shows  the  predicted  extinction  cpectra  that  would  have  been  obtained  if 
the  smoke  particles  in  Figure  6  had  been  pure  o-phosphorlc  at  the  same  relative 
humidity.  Theae  spectra  were  computed 6  u sing  the  particle  sizes  predicted  from  a 
simple  Smoluchowskl  model  of  coagulation  and  a  drop-growth  model  for  o-phosphoric  acid 
and  phosphorus  smoke6.  The  o-phosphorlc  acid  spt'tra  are  not  in  good  agreement  with 
the  phosphorus  spectra  at  any  time,  but  the  agreement  is  better  for  the  phosphorus 
smoke  near  the  end  of  the  test.  Apparently,  the  smoke  droplets  are  evolving  slowly 
toward  o-phosphoric  acid.  Figures  8-12  show  the  detailed  spectral  changes  that 


occurred  during  the  test 
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IV.  DETERMINATION  OF  OPTICAL  CONSTANTS 


In  the  preceding  sections,  we  have  seen  hot*  the  extinction  spectra  of  phosphorus 
smoke  vary  with  the  relative  humidity  and  with  time.  From  these  extinction  spectra  we 
would  now  like  to  derive  the  optical  conetar.ta  (n,k)  which  are ,  respectively,  the  real 
and  Imaginary  components  of  the  spectral  complex  ref  ract ive  index7. 

V(X)  -  n(X  )  -  (S) 

The  procedure  for  deriving  the  optical  constants  from  the  extinction  spectra  should 
meet  three  criteria  t  (1)  the  polydispers ity  of  the  aerosol  should  be  accounted  for, 
(2)  the  optical  dispersion  of  the  material  should  be  taken  into  account,  and  (3)  the 
optical  constants  which  are  found  should  be  the  unique  (n,k)  pair  which  characterizes 
the  optical  behaviour  of  the  material.  A  complete  description  of  the  method  of 
obtaining  the  optical  constants  from  extinction  measurements  is  contained  in  reference 
7.  In  the  development  that  follows  we  taka  a  heuristic  approach  to  the  problem. 


Figure  13  shows  a  flow  chart  of  the  algorithm  for  finding  the  optical  constants 
from  extinction  spectra.  This  algorithm  ie  an  iterative  procedure  which,  after  an 
initial  estimate  of  n(\ ) ,t its  the  k(X)  spectrum  to  the  measured  extinction  spectrum  by 
assuming  that  the  extinction  coefficient  increases  monot onica 1 1 y  with  k  and  then  uses  a- 
subtractive  K rams rs -K ronlg  (SKK)  analys la  to  establish  a  new  estimate  for  n(X)  . 

The  ag(X)  are  the  measured  values  of  the  spectral  extinction  and  the  values  of  ec(X ) 
are  computed  from  Lorenz-Nie  theory  by  integrating  over  the  particle  size  distribution 


9  (X)  -  4-  I  to  (V(X) ,X)/D]dM 

C  *  p  9 


(6) 


where 


For  this 
fund  ion 


Qe  “  the  efficiency  factor  for  extinct  ion 
X  "  xd/X,  the  size  parameter 

p  •  density  of  the  particulate  material,  fgm/cm3l 
D  «  particle  diameter,  turn] 

dM  «  mass  size  distribution  function  of  the  particles 
study  the  mass  size  distribution  was  described  by  the  log-normal 


diet rlbu t ion 
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dM  ”  f?xlnJc  /In* ( D/Dm f/2l n*e  JdlnD  (7 j 

9  9 

where  Dffl  .  mass  median  diameter 

a  «  7«om«tric  etandard  deviation 
9 

In  order  to  assure  that  arJX)  is  monotonies  1 1 y  increasing  with  respect  to  k,  It  Is 
necessary!  (1)  to  restrict  k  to  thj  range  0  to  /T  and  (2}  to  place  some  limits  on  the 
particle  size  d ist r lbut Ions .  Thi  restriction  on  the  range  of  k  poses  no  difficulty 
since  most  condensed  matter  ha-,  k  values  which  lie  in  this  region.  Table  II  shows 
values  of  the  mass  median  site  parameter , 


X  •  *D  /X  (8) 

m  m 

below  which  the  ext inct ion  coefficient  will  be  monotonic  with  respect  to  k.  Table  II 
shows  that  ths  extinction  coeff lcient  will  be  monotonic  with  respect  to  k  for  the  range 
of  optical  constants  and  particle  sites  likely  to  be  encountered  in  nearly  all 
practical  problems  in  the  7-14  urn  spectral  region.  The  initial  estimate  of  n(X)  is 
taken  to  bs  1.3 /  and  the  initial  estimate  of  k  is  k0  "  /2/2. 

The  Kramers-Kronlg  relationship  between  n(ko)  and  the  kt\)  spectrum  is  given  by  i 


n(\  ) 
o 


1 


_ k(X  }dX 

X(X2  - 


o 


X!1 


t  9) 


where  P  indicates  the  Caunchy  principal  value  is  to  be  taken.  The  integral  in  Equation 

9  is  to  be  evaluated  over  the  entire  elect romagnet lc  spectrum,  and  since  kfX ) 

la  known  only  over  a  finite  region  (X  .  <  X  <  X  )  of  the  spectrum,  it  is  necessa ty 

to  in  fna  x 

to  extend  the  k-spect  rum  beyond  the  wavelength  region  where  the  data  are  known 
experiments  11 y . 
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The  inaccurdcies  introduced  by  extending  the  k-spectru  n  cm  r.  he  reduced  to  relative 
i  r.s  ig  n  i  f  ica  nee  by  employing  a  subtractive  K  r  a  Be  r  s  -  K  r  o  n  i  g  analysis  (SKK),  assume  that 
t be  real  part  of  the  refractive  index  n(\ )  is  known  and  subtract  the  KK  expression 
for  r.(X )  from  the  KK  expression  for  n(\oj  in  order  to  obtain  the  subtractive  Kramers - 
Kror.ig  relat  ior.ship4  >  s~e) ; 


n(  X  ; 
o 


n(k  )  * 


2(X 2  -  X2  ) 
1  o 


X  k  (  X  )d\ 

'°  (X2  -  X2,  (X2  -  X2) 

O  1 


The  integral  is  now  evaluated  by  letting  k(\)  ®  k ( X  )  for  0  <  X  <  X  and 

tr.i  n  win 

k(X)  =  k(X  )  for  X  ;  X  <  -  .  in  general  ,  these  are  not  good  physical 

13  a  X  IT)  3  X 

a pp rox ima t ions  for  k(X)  in  the  spectral  regions  where  k(  X  )  has  not  been  measured;  butt 
as  mentioned  previously,  this  approx imat ion  will  have  an  insigificant  effect  on  the 

result  produced  by  the  SKK  algorithm. 

Let  us  now  apply  this  algorithm  to  the  two  extinction  spectra  shown  in  Figure  3 . 
First,  we  shall  apply  this  method  to  the  computed  o-phosphor ic  acid  extinction  spectrum 
to  see  how  accurately  we  can  recover  the  values  for  n(X)  and  k(X)  which  were  used  to 
compute  the  spectrum.  The  results  of  the  calculation  are  shown  in  Figures  14  and  15/ 
the  difference  between  the  values  computed  from  the  extinction  spectrum  and  the  known 
values  of  n(X)  and  k(\)  is  less  than  one  percent  across  the  7-14  p  band.  When  the 

experimentally  determined  extinction  spectrum  from  Figure  3  is  analyzed,  the  optical 
constants  shown  in  Figures  16  and  17  are  obtained.  For  purposes  of  compa r ison ,  the 

known  values  of  the  optical  constants  for  65k  o-phosphor  ic  acid  are  also  plotted  in 

these  figures.  Figures  IS  and  19  show  the  percent  difference  between  nfXj  and  k(X  ) 
as  determined  from  the  extinction  spectrum  and  the  known  values  for  65%  o-phos phor ic 
acid.  Figure  20  shows  the  percent  difference  between  the  computed  and  measured 

extinction  spectra  of  Figure  3;  notice  that  the  spectral  structure  of  the  percent 
difference  for  the  extinction  spectra  is  very  similar  to  the  spectral  structure  of  the 
percent  difference  for  k(X)  (Figure  19).  This  suggests  that  the  differences  between 
the  computed  and  the  known  values  of  the  optical  constants  are  due  to  experimental 

error  in  measuring  the  extinction  spectrum  and  the  particle  size  d is t r i bu t ion • 


In  older  to  apply  this  method  to  phosphorus  smoke ,  a  value  for  n(i^)  within  the  7- 
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24  um  band  i  <s  required  for  the  SKK  analysis.  This  estimate  was  marie  by  choosing 
n(k^)  at  an  isosbest  ic  wavelength  ,  a  wavelength  for  which  n(k)  is  independent  of  the 
solution  concentration,  for  o-phosphoric  acid  solutions.  Figures  21  and  22  show  a  plot 
of  the  optical  constants  (or  eight  different  concentrations  of  o-phosphoric  acid 2  and 
water*  ( 0%  o-phosphoric  acid).  An  inspection  of  Figure  21  shows  that  there  is  an 
isosbestic  point  at  a  wavelength  of  7.1  gm  where  n  «  1.31/  this  is  the  nfi^j 
I'Jiue  which  was  used  in  the  determination  of  the  optical  constants  of  phosphorus 
smoke.  Since  the  phosphorus  smoke  droplets  are  very  likelv  composed  of  complex 
oxyphosphocus  acids,  it  is  expected  that  this  isosbestic  point  should  be  quite  a  good 
estimate  of  n(k^)  for  phosphorus  smoke.  The  effect  of  making  an  error  in  nfXjl  is  to 
displace  the  n(k)  curve  by  the  amount  of  the  error  (Equation  10)  but  to  leave  the 
spectral  shape  unaltered;  k(\)  is  also  affected  by  such  an  error,but  to  a  much  smaller 
extent  than  n(k). 

V.  OPTICAL  CONSTANTS  FOR  PHOSPHORUS  SMOKE 

Our  method  of  determining  the  optical  constants  from  extinct  ion  spectra,  which  was 
described  in  the  previous  section,  was  applied  to  the  phosphorus  extinction  spectra 
taken  at  23,  52,  and  8  5  percent  relative  humidity  (Figure  4).  The  optical  constant 

results  are  shown  in  Figures  23,  24  and  should  be  compared  with  n(\),  k(\)  for  o- 
phosphoric  acid  (Figures  21,  22). 

The  optical  constant  method  was  also  applied  to  the  extinction  spectra  which  were 
measured  as  phosphorus  smoJce  aged  (Figures  6,8-12).  The  optical  constants  were 
computed  for  the  extinction  spectra  obtained  at  10. 7,  49.3,  167.,  and  279.  min.  and  are 
shown  in  Figures  25,26.  It  is  readily  apparent  that  there  are  few  points  of  similarity 
between  the  optical  constants  for  o-phosphoric  acid  and  these  optical  constants . 

Figure  27  shows  an  extinction  spectrum  for  o- phos pho rous  acid  (HjPOg)  /  this 
spectrum  is  distinctly  different  from  either  the  o-pi.osphor ic  acid  or  the  phosphorus 
smoke  spectra.  The  optical  constants  which  were  determined  from  this  spectrum  ar 
shown  in  Tigures  28,29/  there  are  some  similarities  between  these  optical  constants  and 
those  obtained  for  phosphorus  smoke  at  279  min. 

Figures  30,  31  are  plots  of  the  optical  constants  for  phosphorus  smoke  at  279. 
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min..  Sot  o-ph'os phor 1c  acid,  and  64%  o-phosphorous  acid.  The  o-phosphoric  acid  and  o- 
phosphorous  acid  optical  constants  show  a  definite  correlation  with  the  2 79.  min. 
phosphorus  smote  optical  constants.  These  chemical  species  (HjPOj,  HgPOg)  are 
certainly  present  in  the  phosphorus  smoke  at  179.  min. , although  there  are  likely  other 
species  present  also.  The  most  probable  method  for  the  formation  of  o-phosphorous  acid 
is  through  the  production  of  trivalent  phosphorus  oxides  during  the  uncontrolled 
burning  of  the  phosphorus  1 .  Therefore ,  Eguation  1  must  be  regarded  as  an  Incomplete 
description  of  the  uncontrolled  oxidation  of  phosphorus  in  the  atmosphere. 

VI.  EFFECTIVE  AND  10.6  urn  EXTINCTION  OF  PHOSPHORUS  SMOKE 
The  effective  or  integrated  extinction  across  a  spectral  band  has  been  previously 
defined  as 


1_  ln  {  fe~a(X }CLS(\ )D(\ )d\^ 
CL  !  S(\)D(k)d 


where  S(\)  *  spectral  signature  of  the  source 

D(\)  •  spectral  detector  response  curve 

For  these  calculations,  the  source  function  was  a  300°k  b’ack  body  and  the  detector 

response  curve  was  the  HpCdTe  used  in  previous  calculations 10,11,  ror  extinction 

spectra  with  significant  spectral  structure,  such  as  7-14  gia  phosphorus  smoke  spectra, 

a  decreases  as  the  value  of  the  conce nt rat i on- pa t h leng th  product  increases.  Figure 
eft 

32  shows  for  phosphorus  smoke  as  a  function  of  relative  hu midi t y  for 

conce nt rat  ion-path  length  products  ranging  from  0.1  to  20.  gm/m2 1  Figure  33  shows  the 
a  calculations  for  o-phosphoric  acid.  Similar  calculations  were  made  for  the  tire 
varying  phosphorus  extinction  spectra;  the  results  of  these  calculations  are  shown  in 
Figure  34 •  Figure  35  shows  the  predicted  aeff  * or  ©“Phosphoric  acid  aerosols  as  a 
function  of  time , 

The  performance  of  phosphorus  smoke  at  the  10,6  gm  CO^  laser  wavelength  is  shown 
in  Figures  36,37 ,  Figure  36  shows  a  comparison  of  the  phosphorus  smoke  extinction  with 
the  o-phosphoric  acid  extinction  as  a  function  of  relative  humidity  ar.d  Figure  37 
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shows  a  similar  comparison  as  a  function  of  time. 


VIZ.  CONCLUSIONS 

1.  Phosphorus  smoke  extinction  changes  slowly  as  the  relative  humidity  is  increased 
from  low  to  moderate  values  (23%  to  52%J,  but  a  substantial  decrease  in  the  extinction 
has  occurred  when  the  relative  humidity  reaches  95%. 

2.  The  transition  of  phosphorus  smoke  to  waterlike  spectral  behaviour  in  7-14  inn 
region  occurs  at  relative  humidities  which  are  higher  than  the  cor  res pond  1 ng  transition 
for  o-phosphoric  acid. 

3.  At  constant  ambient  conditions,  the  extinction  spectra  for  phosphorus  change  with 
time;  these  spectral  changes  are  a  result  of  the  changing  chemical  composition  of  the 
smoke  droplets . 

4.  The  optical  constants  of  phosphorus  smoke  can  be  derived  from  the  extinction 
spectra.  Such  optical  constants  have  been  found  as  functions  of  relative  humidity  and 


5.  The  aged  phosphorus  smoke  contains  o-phosphoric  and  o-phosphorous  acids  as  well  as 
other  oxy phospho rus  species. 

6.  The  effective  extinction  coefficient  increases  slightly  for  relative  humidities 
between  23%  and  52 %  and  decreases  fcr  relative  humidities  between  52%  and  95%. 

7.  The  effective  ext inct ion  coefficient  increases  as  the  phosphorus  smoke  ages. 

8 .  The  oxidation  of  phosphorus  to  produce  P  gO 5  with  subsequent  hydration  to  o- 
phosphoric  acid  is  inadequate  to  describe  the  formation  of  phosphorus  smoke. 
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TABLE  II.  APPROXIMATE  VALUES  OF  THE  UPPER  MONOTOHICiTi 


LIMIT  FOR 

THE  MASS  MEDIAN 

SIZE  PARAMETER 

a 

n 

9 

1  .  33 

2.0 

3.0 

1.1 

3.SS 

1 . 35 

0.89 

1 . 4 

3.5S 

1.41 

0.81 

2.0 

4 . 68 

1 . 78 

0 . 89 

3.0 

9.77 

3.39 

1.23 
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FIGURE  C.  VARIATION  Of  PHOSPHORUS  SMOKE  EXTINCTION  FIGURE  1.  VARIATION  OF  o-PMOSPHORIC  ACID  EXTINCTION 

WITH  TIME  *«TH  TIME. 
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FIOURe  13.  FLOWCHART  OF  THE  ALGORITHM  FOR 
DETERMINING  THE  OPTICAL  CONSTANTS  n.k  FROM 
EXTINCTION  MEASUREMENTS. 
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figure  3b.  comparison  of  the  extinction  coefficient 
AT  10.6*11*  FOR  PHOSPHORUS  SMOKE  AND  o-PHOSPHORlC 
acid  as  a  function  of  relative  humidity. 


FIGURE  37.  COMPARISON  OF  THE  EXTINCTION  COEFFICIENT 
AT  1O.0Mni  FOR  PHOSPHORUS  SMOKE  AND  o-PHOSPHORIC 
ACID  AS  A  FUNCTION  OF  TIME 
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REPLACEMENT  OF  HC  SMOKE 

Michael  D.  Smith 
Chemical  Systems  Laboratory 
Aberdeen  Proving  Ground,  MD 

ABSTRACT 

Medical  research  has  shown  that  one  of  the  components  of  HC  smoke  mix,  hexachloroethane,  is 
carcinogenic.  In  addition,  the  combustion  products  of  HC  are  highly  toxic.  At  Chemical  Systems 
Laboratory,  several  programs  are  ongoing  to  replace  HC  in  inventory  smoke  munitions.  A  Navy  day/night 
signal  formulation  composed  primarily  of  red  phosphorus  has  been  modified  and  adapted  for  use  in  the 
AN/M8  grenade.  Red  phosphorus  is  an  effective  white  smoke  producer  of  relatively  low  toxicity. 

1 .  BACKGROUND 

The  HC  smoke  mix  is  a  mixture  of  hexachloroethane,  zinc  oxide,  and  aluminum.  Medical  research 
conducted  by  Chemical  Systems  Laboratory  and  others  has  shown  that  HC  mix  poses  a  serious  chronic 
health  hazard  to  production  personnel.  Further,  the  combustion  products  are  a  potential  acute  hazard 
to  personnel  exposed  to  the  smoke  without  protective  gear.  In  addition,  a  report  by  the  National 
Institute  of  Health  (NIC-CB-TR-68,  dated  1978)  states  that  hexachloroethane  is  carcinogenic  to  male 
mice.  Because  of  these  toxicological  considerations,  a  safer  .hite  smoke  producing  formulation  is  being 
sought  for  use  in  inventory  smoke  ammunition.  Actions  are  now  ongoing  to  replace  HC  mix  in  the  AN-M8 
smoke  hand  grenade  and  the  ABC -MS  smoke  pot  with  a  pyrotechnic  red  phosphorus  (RP)  smoke  mix. 


2.  CANDIDATE  SMOKE  MIX  EVALUATION 


The  candidate  replacement  RP  smoke  mix  under  study  is  an  adaptation  of  a  US  Navy  developed 
formulation  which  consisted  of: 

53%  red  phosphorus  (RP) 

7%  magnesium  (Mg) 

34%  manganese  dioxide  (MnO^) 

3%  zinc  oxide  (ZnO) 

3%  linseed  oil 

This  formulation  is  used  in  pyrotechnic  devices  which  are  used  as  Marine  Location  Markers,  hhen  this 
composition  is  ignited,  the  magnesium  and  the  manganese  dioxide  react  as  a  thermite  to  generate  heat 
and  vaporize  the  phosphorus.  The  phosphorus  vapor  then  bums  in  the  surrounding  atmosphere  to  produce 
a  dense  white  smoke  and  yellow  flame,— 


—  Webster  and  Johnson.  NWSC/CR/RDTR-22 .  New  Potentials  in  Red  Phosphorus  Compositions.  Aug  70. 
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Initial  testing  of  this  formulation  at  Chemical  Systems  Laboratory  was  performed  in  the  M8 
grenade.  This  item  is  a  steel  cylindrical  can  approximately  2.25  inches  in  diameter  by  4.5  inches 
high.  The  standard  M8  HC  grenade  is  an  end  burner,  i.e.,  the  top  surface  of  the  mix  is  ignited  and  the 
flame  propagates  down  through  the  smoke  composition.  Smoke  is  emitted  through  four,  0.312  inch 
diameter  openings  in  the  grenade  top  cover.  Testing  in  this  configuration  produced  bum  (smoke 
emission]  times  in  excess  of  the  prescribed  90-135  seconds. 

Various  modifications  were  then  made,  both  in  the  composition  of  the  smoke  mixture  and 
the  it«n  configuration,  to  produce  an  acceptable  grenade.  The  best  tested  configuration  was 
like  that  of  the  M18  colored  smoke  grenade  type,  i.e.,  a  core  burner  in  which  smoke  is  emitted 
through  a  0.5  inch  diameter  hole  in  the  center  of  the  grenade  base  as  well  as  through  the 
four  holes  in  the  cover.  Various  alternate  formulations  were  tested;  in  particular,  aluminum, 
titanium,  and  boron  were  considered  in  place  of  moisture  reactive  magnesium.  The  formulation 
selected  as  the  best  to  date  contains  the  following: 

8.5%  Mg 
32.5%  Mn02 

1.5%  MgO  (magnesium  oxide) 

3.0%  linseed  oil 

The  MgO  was  incorporated  to  replace  ZnO  as  the  toxicity  of  the  latter  is  suspect.  The  improved  M8 
grenade  as  described  has  an  average  bum  time  of  2  minutes  and  contains  approximately  1  pound  of  RP 
smoke  mixture. 

Additional  studies  were  begun  during  this  early  development  as  well.  Various  starter  mixtures 
were  evaluated  and  high  temperature  storage  stability  of  the  smoke  mix  was  assessed.  These  studies 
determined  that  the  performance  of  the  standard  M8  grenade  starter  mixture  was  surpassed  by  that  of 
another  Navy  composition.  The  most  consistent  grenade  performance  was  observed  when  25  grams  of  this 
Navy  starter  mixture  consisting  of  30%  lead  dioxide,  30%  cupric  oxide,  and  40%  silicon  was  used.  High 
temperature  storage  of  grenades  at  160°F  for  90  days  indicated  the  need  for  a  physical  barrier  between 
the  starter  mixture  and  the  smoke  mixture  to  prevent  ignition  problems.  The  continued  use  of  the 
existing  zinc  starter  cup  in  the  improved  grenades  proved  adequate  as  a  barrier. 
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The  improved  H8  grenades  appear  to  produce  as  auch  or  more  visible  white  smoke  than  do  the  MS  HC 
grenades,  although  comparative  smoke  production  has  not  yet  been  quantified.  The  improved  grenades, 
in  addition  to  smoke,  produce  ~  r, tense  flame  at  the  orifices  (the  Navy  formulation  was  developed  as 
a  day /night  signal). 

The  performance  of  the  improved  M8  grenades  was  encouraging  enough  to  begin  t  formal  Product 
Improvement  Program  (PIP)  in  January  1980,  Tasks  are  ongoing  or  planned  to  study  alternative  chemicals 
and  formulations,  alternative  binders,  chemical  stability,  and  storage  stability  (surveillance),  and  to 
optimize  grenade  performance. 

A  backup  formulation  was  developed  and  tested,  in  which  calcium  sulfate  (CaSO^)  substitutes  for 
the  manganese  dioxide,  and  calcium  carbonate  (CaCOj)  replaces  the  magnesium  oxide  in  the  prin.ary 
candidate  RP  mix  previously  discussed.  This  alternate  composition  was  developed  at  the  recommendation 
of  toxicologists  who  indicated  that  MnO^  and  MgO  may  be  health  hazards  in  some  situations.  This  backup 
formulation  is  only  slightly  inferior  in  performance  as  compared  to  the  primary  RP  mixture. 

Grenades  made  with  both  the  primary  and  backup  RP  mixtures  have  been  placed  in  a  1  year  ambient 
surveillance  program.  Grenades  field  tested  after  32  weeks  storage  still  perform  satisfactorily. 
Additional  studies  to  determine  the  chemical  stability  of  the  smoke  mix  have  just  been  initiated. 
Various  binders,  additives,  coatings,  or  treatment  processes  will  be  compared  to  determine  the  moat 
effective  means  of  preventing  chemical  decomposition  of  the  mix  and  thus  increase  the  shelf  life  of  the 
munition.  For  example,  red  phosphorus  and  magnesium  metal  are  known  to  decompose  in  the  presence  of 
moisture,  and  some  techniques  to  prevent  its  intrusion  are  required. 

Alternative  sources  and  grades  of  chemicals  to  those  used  in  the  initial  development  work  are 
being  evaluated  in  a  parametric  study.  The  objectives  are  to  determine  the  effect  of  variability  of 
the  chemical  ingredients  on  grenade  performance  and  safety. 

Alternate  binders,  other  than  linseed  oil,  are  also  being  considered.  In  initial  work,  the  newly 
loaded  M8  grenade;  were  placed  in  an  oven  at  140°F  for  48-72  hours  to  "cure"  the  linseed  oil.  F.fforts 
to  minimize  or  eliminate  this  processing  step  are  continuing.  Side  by  side  comparison  of  burning 
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grenades  in  which  one  was  heat  treated  and  the  other  was  rot,  show  no  apparent  difference  in  smoke 
production  or  bum  times  after  32  weeks  ambient  storage.  The  possibility  of  eliminating  the  linseed 
oil  binder  was  considered,  but  a  pressed  slug  of  RP  mix  without  the  binder  has  very  little  mechanical 
strength.  Dry  binders  like  paraffin  or  microoryetalline  waxes  have  been  tested  and  show 
potential  as  an  alternative  to  linseed  oil . 

3.  PRODUCI BILITY  STUDIES 

A  Manufacturing  Methods  and  Technology  (MMT)  program  was  begun  in  October  1980  to  study  production 
processing  methods  for  blending  the  new  RP  smoke  mix.  The  batches  of  RP  mix  made  to  date  have  been 
small  in  quantity  (1-20  lb)  and  laboratory  size  vertical  planetary  or  twin-shell  blenders  have  been 
used.  Neither  of  these  blenders  are  efficient  and  are  not  recommended  to  prepare  larger  quantities. 

A  pilot  plant  size  Air»<v  mixer  (manufactured  by  Sprout-Waldron  Division  of  Koppers  Co.,  Inc.)  already 
in  place  at  CSL  will  be  evaluated  initially.  This  mixer  is  capable  of  blending  dry  material  in  seconds 
using  compressed  air  alone.  Plans  sre  to  determine  the  hazards  associated  with  blending  the  known 
impact  and  friction  sensitive  RP  mix  in  a  laboratory  size  mixer  prior  to  scaling  up  to  the  pilot  plant 
model.  Should  the  Airmix  mixer  prove  unsafe  or  ineffective,  alternate  miring  equipment  will  be  tested, 

4.  MEDICAL  EVALUATION 

When  a  final  selection  is  made  of  a  replacement  smoke  mix  which  meets  the  performance  require¬ 
ments  in  the  M8  grenade  (scheduled  for  late  1981)  and  the  MS  smoke  pot,  the  chemical  components  and 
combustion  products  will  be  thoroughly  tested  in  a  medical  evaluation  program.  A  medical  evaluation 
plan  (MEP)  has  already  been  prepared.  The  objective  of  this  MEP  is  to  assure  that  the  RP  smoke  mix 
is  free  of  both  carcinogenic  constituents  and  unacceptable  levels  of  toxicity  to  industrial/troop 
personnel  and  the  environment.  The  selection  of  primary  and  alternate  candidate  chemical  ingredients 
is  coordinated  with  the  medical  community  to  insure,  as  much  as  possible,  that  the  candidate  materials 
have  a  high  probability  of  meeting  the  MEP  objectives  and  criteria  for  a  safe  smoke,  A  phosphorus 
smoke  producing  replacement  composition  for  HC  was  chosen  primarily  because  medical  research  studies  to 
date  indicate  that  RP  and  phosphorus  smokes  are  relatively  low  human  health  hazards. 
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SMOKE/OBSCURANTS  HEALTH  EFFECTS  RESEARCH 
David  L.  Johnson,  CPT,  MSC 
Janet  C.  Eaton 

US  Army  Medical  Bioengineering 
Research  and  Development  Laboratory 
Fort  Detrlck,  Frederick,  MO 

Increased  requirement*  f or  employing  imoke  In  support  of  combat  operations  and  the 
need  to  be  prepared  CO  fight  effectively  In  a  eraoke  environment  dictate  thnt  Increasing  number*  of 
soldier*  will  be  exposed  to  smoke  during  field  tasting  and  training.  Increased  governmental  regu¬ 
lation,  public  awareness,  and  the  tendency  to  resort  to  litigation  make  It  legal,  ethical, 
and  imperative  that  the  health  eitects  of  Army  smoke/obscurants  be  determined.  The  US  Army 
Medical  Bioengineering  Research  and  Development  Laboratory  (USAMBRDL)  has  the  mission  to  develop  the 
health  effects  data  bate  upon  which  The  Surgeon  General  imiet  rely  In  providing  guidance  for  protection 
of  health  and  the  environment. 

The  program  ac  USAMBRDL  addressee  the  possible  health  hazards  associated  wlch  troop  exposures. 
Industrial  occupational  operations  and  the  environmental  effects  of  manufacture,  tasting,  deployment, 
storage,  and  demilitarization  of  stuoke/obscurants,  with  primary  emphasis  on  troop  exposures.  Because 
of  resource  limitations,  extensive  health  effecte  evaluations  are  confined  to  smoke/obscurants  already 
In  the  Inventory  or  In  the  final  stage*  of  development.  The  normal  progression  of  health  effects 
studies  begin*  with  problem  definition  and  Initial  health  hazard  assessment  based  upon  currently 
available  Information.  For  assessment  of  health  hazards  to  the  soldier,  It  is  necessary  co  obtain 
date  on  the  chemical  and  physical  characteristics  of  smokes  as  they  are  deployed  In  the  field.  These 
data  are  often  quite  different  from  those  taken  when  evaluating  the  obacurent  characceriattcs  of 
aeroaola.  Becauae  mammalian  toxicologic  atudlas  of  amoke/obacurant  aeroaola  Involve  the  greateat 
expenditure  of  resourcae,  they  met  be  deelgned  to  reflect  realletlc  expoeure  scenario*  In  older  to 
maximize  the  relevance  of  Information  derived. 

Since  the  passage  of  the  National  Environmental  Po'icy  Act  (NEPA)  of  1969  and  the  Occupational 

Safety  and  Health  Act  (OSHA)  of  1970,  wa  have  witnessed  In  the  United  Stataa  an  explosive  expansion  of 

1  2 

Federal  regulatory  control  over  Industry  in  the  areas  of  pollution  control  and  health  protection.  • 

The  Impact*  of  these  two  Acts  as  well  as  the  amended  Federal  Water  Pollution  Control  and  Clean  Air 
Acta,  the  Toxic  Substances  Control  Act  (TSCA),  and,  moat  recently,  the  Resource  Conservation  and 
Recovery  Act,  are  being  felt  dally  by  Industry  In  the  form  of  construction  delays,  stringent  pollution 
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control  and  workplace  safety  and  sanitation  standards,  and  seemingly  unending  reporting  and  record* 
keeping  requirements. 

As  a  Federal  agency,  the  US  Army  has  been  directed  through  various  executive  orders  to  comply  with 
many  of  the  provisions  of  the  Acts  Just  mentioned.^  We  have  bean  vary  fortunate  in  that  we  have  been 
largely  allowed  to  police  our  own  operations  through  the  services  of  the  US  Army  Environmental  Hygiene 
Agency  and  other  internal  groups,  especial iy  In  the  area  of  occupational  health  protection.  Since  the 
advent  of  TSCA,  however,  we  have  been  subject  to  direct  regulation  by  the  US  Environmental  Protection 
Agency  (with  certain  exemptions  for  national  dafanae  purposes). 

The  TSCA  presents  us  with  very  definite  requirements  to  provide  health  and  environmental 
effects  dsca  for  "new"  chemical  products  or  "significant  new  uses"  of  old  product*  and  to  Include 
requirement*  for  Information  relating  to  manufacture,  use,  and  ultimate  disposal  of  these  Items. ^ 

These  requirements,  combined  with  those  of  the  other  Acts,  form  a  set  of  legal  obllgatlona  which  we 
must  satisfy  If  we  are  to  remain  within  tha  law. 

Aside  from  tha  legal  requirement  to  provide  health  and  environmental  effects  data,  wa  are  also 
morally  obligated  to  protect  tha  health  of  the  Individual  worker  and  to  act  responsibly  as  the 
caretaker  of  the  environment  tor  the  next  generation. ^ ^  Ocher  factora  are  also  of  concern,  such  as 
the  economic  impact  of  future  litigation  resulting  from  present  manufacture,  use,  and  dlspoeal 
practices  —  Including  those  relating  to  inanitions. 

Recognition  of  expanded  requirements  for  the  use  of  smokes  and  obscurants  In  support  of  combat  and 
combat  support  operation*  and  for  the  need  to  fight  effectively  In  a  smoke  anvironmant^dlctetea  Chat 
Increasing  numbers  of  military  personnel  will  be  exposed  to  smoke  and  obacuranc  aerosols  during  field 
testing  and  training  and  that  such  testing  and  training  will  occur  more  frequently.  Regulatory 
requirements,  increased  public  awareness,  and  the  tendency  to  resort  to  litigation  thua  make  It 
Imperative  that  health  and  environmental  effects  data  be  developed  for  amok*  and  obscurant  munitions. 

Although  the  primary  responsibility  for  providing  lnformstion  necessary  to  permit  health  and 
environmental  hazard  asaaaments  rests  with  the  developer,  the  Project  Manager  for  Smokes  and 

fl 

Obscurants,  there  are  other  sources  of  such  information,  both  within  and  without  the  Army 
community.  Traditionally,  the  Chemical  Systems  Laboratory  has  had  and  will  continue  to  have  a  role  In 
development  of  this  type  of  dets,  as  ha*  Ch«  Human  Engineering  Laboratory.  Ulrlmace  responsibility 
for  the  management,  Interpretation,  and  performance  of  toxicologic  studies  to  produce  the  data, 
however,  resides  In  the  Army  Medical  Department  (AMEDD),  specifically  The  Surgeon  General  (TSC).  It 
is  The  Surgeon  General  who  evaluates  the  data,  sets  appropriate  health  protection  standards,  and 
provides  the  safety  release  for  Army  prescribing  how  an  end-item  can  te  safely  employed  In 
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training.  It  la  the  mission  of  the  US  Army  Medic  engineering  Research  and  Development  Laboratory 

(USAMBRDL),  Fort  Detrick,  MD,  to  conduct  the  rear  cu  necessary  to  develop  the  health  effects  data 
upon  which  TSC  bases  hazard  assessments. 

During  the  past  few  years  USAMBRDL  has  conducted  a  number  of  studies  of  smoke/obscurant  munition 
compounds  and  aerosola  in  support  of  PM-Saoke  to  provide  the  information  necessary  for  evaluation  of 
the  toxic  properties  of  Inventory  smokes  and  to  ensure  development  of  new  munitions  acceptable  from 
both  performance  and  health  effects  standpoints.  Due  to  limited  AMEDD  resources,  current  research 
centers  on  two  major  types  of  effects)  potential  for  inducing  cancer  (carcinogenesis)  and  incapaci¬ 
tating  or  irreversible  toxic  effects.  Other  effects  are  of  concern  (particularly  performance 
decrement)  buc  are  not  our  primary  focus.  In  addition,  the  previously  mentioned  resource  limitations 
have  forced  us  to  concentrate  on  items  already  in  the  Inventory  or  in  the  final  stages  of  develop¬ 
ment.  This  is  unfortunate  since  it  is  quite  conceivable  that  early  integration  of  health  and 
environmental  effects  considerations  into  the  selection  of  candidate  materials  would  enhance  eventual 
development  of  products  acceptable  from  both  performance  and  health  protection  standpoints  and  reduce 
overall  material  acquisition  costs. 

Studies  conducted  by  USAMBRDL  extend  in  scope  from  relatively  simple  paper  studies  such  as  problem 
definitions  to  very  complex  long-term  mammalian  toxicology  studies  involving  repeated,  intermittent 
exposures,  oultiple-doae  schedules  and  assessment  of  numerous  biological  and/or  behavioral 
endpoints.  Studies  frequently  progress  from  the  problem  definition  and  productlon-and-uae  study  stage 
to  physical/chemical  characterizations  of  compounds,  acute  exposure  animal  mortality  studies,  longer- 
term  subchronic  studies  using  multiple  exposures,  and  often  to  the  long-term  subchronic  studies 
mentioned  above. 

For  assessment  of  health  hazards  to  the  soldier,  It  is  necessary  to  obtain  data  on  the  chemical 
and  physical  characteristics  of  smokes  as  they  are  deployed  in  the  field.  These  data  are  often  quite 
different  from  those  taken  when  evaluating  the  obscurant  propertiea  of  aeroaola.  Because  mammalian 
toxicology  studies  of  smoke/obscurant  aerosols  involve  the  greatest  expenditure  of  resources,  they 
must  be  designed  to  reflect  realistic  expoeure  scenarios  in  order  to  maximize  the  quantity  and  quality 
of  Information  derived.  Materials  currently  under  study  include  Fog  Oil,  Diesel  Fuel,  White 
Phosphorua/Felt,  Red  Phosphorus/Butyl  Rubber,  and  colored  smokes.  Papers  relating  to  the  specifics  of 
some  of  this  work  appear  elsewhere  in  these  Proceedings. 

As  with  any  experimental  research,  health  effects  research  is  expensive  and  its  results  may  appear 
to  condemn  more  than  they  exonerate.  But  there  is  value  in  revealing  and  quantifying  health  and 
environmental  hazards  associated  with  new  developments.  Such  data  may  be  entered  Into  the  cost- 
benefit  equation,  and  if  the  costs  and  rlska  are  found  to  outweigh  the  advantages,  funds  may  to 
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directed  Inca  more  promising  avenues.  If  the  decision  Is  In  favor  of  the  continued  development  and 
eventual  deployment  of  the  obscurant  system,  protective  measures  and  devices  may  be  prescribed  or 
developed  to  prevent  damage  to  the  environment  or  to  the  health  of  the  soldier  or  the  Industrial 
worker. 

By  careful  selection  of  candidate  materials  we  may  avoid  unnecessary  expenditure  of  development 
resources  on  materials  known  to  possess  toxic  properties  or  reduce  those  expenditures  by  detection  of 
such  effects  through  appropriate  research  early  in  the  development  cycle.  In  addition,  we  may  help  to 
avoid  future  costs  to  the  government  resulting  from  individual  and  class  action  damage  suits,  and  may 
enhance  the  effectiveness  of  our  fighting  forces  through  removal  of  smoke/obscurant  use  restraints  In 
training. 

The  requirement  for  conducting  health  and  environmental  effects  research  as  an  integral  portion  of 
project  development  Is  well  established.  It  Is  up  to  both  the  medical  and  developmental  communities 
then  to  see  that  the  appropriate  funding  and  administrative  procedures  are  set  In  place  to  accommodate 
this  requirement  before  we  find  ourselves  In  conflict  with  regulatory  agendas  outside  the  US  Army. 
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AN  INVESTIGATION  OF  AEROSOL  MATERIALS 
THAT  OBSCURE  IN  THE  MIDDLE-TO-FAR  INFRARED 

Richard  A.  Kenley,  Clyde  L.  Uicham,  and  Kenneth  M.  Sander 
SRI  International,  333  Ravenswood  Avenue,  Menlo  Park,  CA 

ABSTRACT 

Since  the  end  of  World  War  II,  the  U.S.  technology  for  production  or  screening  smokes  ha9  undergone 
little  change.  During  these  years,  however,  there  has  been  a  wide  proliferation  of  highly  sophisticated 
battlefield  devices  thac  require  llne-or-sight  contact  with  the  target  and  that  can,  in  principle,  be  de¬ 
feated  by  the  use  of  obscurants.  Among  them  are  such  items  as  night-vision  devices,  laser  range-finders, 
laser  target  designators,  and  optically  tracked,  wire-guided  antitank  missiles.  These  systems  operate  at 
wavelengths  in  the  visible,  near  Infrared  (IR),  and  aiddle-to-f ar  IR  regions  of  the  spectrum.  Effective 
screening  agents  for  the  vi9lhle  and  near  IR  regions  (0.4  to  1.2  m  wavelength  region)  are  currently 
available.  There  is  a  need  to  develop  agents  for  obscuration  in  the  ralddle-to-far  IR  (1.2  to  14  um) 
region.  However. 

Investigations  supported  by  the  U.S.  Army  were  performed  to  determine  the  IR  extinction  characteris¬ 
tics  of  various  materials  that  could  ultimately  have  potential  as  screening  smokes.  Both  organic  and  in¬ 
organic  materials  were  investigated  In  bulk  samples  using  the  KBr  disc  technique,  and  in  aerosol  form 
using  a  Wilks  variable  pathlength  gas  cell. 

Aerosols  were  generated  using  various  techniques,  and  optical  and  physical  characterization  measure¬ 


ments  were  made  from  a  flow-through  type  aerosol  test  system.  Aerosol  size  distributions  were  measured 
with  a  piezoelectric  cascade  i.opactor  and  with  scanning  electron  micrographs  of  filter  samples  of  the 
aerosol . 
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1.  INTRODUCTION 

The  modern  battlefield  ia  characterised  by  the  proliferation  of  sophisticated  electrooptical  devices 
for  target  acquisition,  ranging,  and  identification.  Such  devices  require  line-of-sigh‘  contact  with  the 
target  and  can,  in  principle,  be  defeated  by  tactical  obscurants.  These  systems  operate  at  wavelengths  in 
the  visible,  near  infrared  (IR),  and  middle-to-far  1R  regions  of  the  spectrum,  conventional  smokes  ef¬ 
fectively  screen  in  the  visible  region  of  the  spectrum,  but  are  relatively  transparent  at  longer 
wavelengths . 1 

Thus,  a  requirement  exists  for  the  development  of  aerosolizable  materials  that  feature  enhanced  ab¬ 
sorption  or  scattering  in  the  atmospheric  windows  (3  to  5  pm  and  8  to  14  pm)  of  the  IR  spectrum. 

Recent  years  have  witnessed  the  development  of  a  sound  theoretical  basis  (vide  infra)  for  predicting 
the  effects  of  particle  geometry  and  composition  on  IR  extinction  by  aerosol  clouds.  With  few  excep¬ 
tions,  however,  experimental  validationof  the  theory  has  been  lacking.  Nor  does  the  theory  address  the 
Important  relationships  between  physical-chemical  material  properties  and  dynamic  aerosol  properties  such 
as  dissemination  efficiency  and  gravitational  settling  velocity. 

Given  these  considerations,  there  is  a  clear  need  for  preparation  of  various  materials  that  model  the 
theoretical  requirements  for  high  IR  extinction  as  well  as  a  need  for  direct  determination  of  their  spec¬ 
tral  and  aerosol  properties.  At  SRI  International,  under  contract  to  the  Army  Chemical  Systems  Labora¬ 
tory  (CSL),  we  have  attempted  to  bridge  this  gap  between  theory  and  practice.  We  produced  or  obtained  a 
variety  of  materials,  determined  IR  spectra  on  bulk  samples  of  the  materials,  and  evaluated  their 
suitability  for  aerosol  dissemination.  We  provided  several  of  the  most  promising  materials  to  CSL  for  de¬ 
termination  of  aerosol  IR  spectra.  Our  objectives  were  to  provide  an  experimental  verification  of  theo¬ 
retical  aspects  of  IR  extinction  by  aerosols  and  to  rate  candidate  materials  with  respect  to  potential 
practical  application  as  battlefield  obscurants. 

We  have  found,  in  consonance  with  theory,  that  thin  disc-shaped  particles  represent  a  promising  class 
of  materials  for  high  IR  extinction.  Specifically,  metal  flakes  and  crystalline  graphite  are  reasonable 
candidates  for  further  development  as  tactical  screening  agents.  In  the  following,  we  give  a  brief  de¬ 
scription  of  the  principles  underlying  our  investigations  and  deLail  the  findings  of  our  work. 
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2.  MODELS  FOR  ENHANCED  IR  EXTINCTION  EY  AEROSOL  PARTICLES 

The  transmitted  Intensity  of  a  beam  of  electromagnetic  radiation  penetrating  an  aerosol  is  reduced 

via  scattering  and/or  absorption  of  the  radiation  by  the  particles  that  comprise  the  cloud.  The  Beer- 

* 

Lambert  law  (1), 

-  log(%T)  -  oCL  (1) 

relates  the  transmitted  intensity  to  the  aerosol  concentration,  the  optical  pathlength,  and  the  extinc¬ 
tion  coefficient  ,  a. 

The  definition  of  the  extinction  coefficient, 

a  •  (Geometric  Cross  Section.  G) (Extinction  Efficiency,  Ql 

(Mass,  oV) 

indicates  that  increasing  the  extinction  efficiency  or  increasing  the  ratio  of  cross-sectional  area  to 
mass  enhances  extinction.  Both  extinction  efficiency  and  the  ratio  of  cross-sectional  area  to  mass  are 
dependent  on  particle  size;  as  the  particle  diameter  becomes  smaller,  the  area-to-welght  ratio  becomes 
larger,  thus  enhancing  extinction.  There  is  a  limit  to  the  enhancement,  however,  ly  the  extinction  effi¬ 
ciency.  For  particles  much  larger  than  the  wavelength  of  incident  light,  both  the  scattering  and  absorp¬ 
tion  components  of  extinction  are  Inversely  proportional  to  the  particle  diameter.  (For  a  cloud  of  poly- 
disperse  particles,  the  extinction  efficiency  is  essentially  constant  at  two.)  As  the  particle  diameter 
approaches  the  wavelength,  extinction  peaks  and  then  diminishes  with  decreasing  particle  size.  As  the 
particle  becomes  much  smaller  than  the  wavelength  (Rayleigh  region),  the  scattering  component  of  extinc¬ 
tion  drops  rapidly  (Inverse  cube  of  diameter; ,  whereas  the  absorption  component  tends  to  plateau. 

For  a  given  mass  (or  volume)  of  aerosol  particles  larger  than  the  wavelength,  the  extinction  coeffi¬ 
cient  can  be  increased  by  varying  particle  shape  and  thus  Increasing  Che  ratio  of  geometric  cross  section 
to  mass  (Q  will  not  change).  Embury2,3  has  calculated  cross-sectional  areas  for  various  particle  shapes, 
and  we  have  Included  excerpts  of  that  Information  in  Table  1.  (For  most  practical  aerosol  clouds,  these 
results  should  also  apply  to  the  region  of  particle  size  close  u>  Lie  wavelength.)  Since  a  sphere  is  the 
geometry  having  the  least  surface  area  per  volume,  any  shape  different  from  the  sphere  represents  an  in¬ 
crease  In  the  surface-area-to-mass  ratio.  The  average  geometrical  , ross-sectional  area  for  a  set  of  ran¬ 
domly  oriented  particles  is  one-fourth  the  surface  area.  Thus,  the  cross-sectional  area  is  directly  pro¬ 
portional  to  the  surface  area.  From  Table  I,  it  is  evident  that  for  various  shapes  geometric  cross-sec- 
tion-to-mass  ratios  increase  significantly  over  that  of  spheres  with  increasing  aspect  (length-to-diameter , 
rsdlus-to-thlckness)  ratios.  A  hollow  sphere  is  a  special  case  of  the  general  hollow  particle,  and  the 
increase  In  cross  section  of  the  hollow  sphere  to  mass  over  that  of  a  solid  sphere  [ (G/V)/ (G/V) s )  is  Just 


■k 

Nomenclature  is  given  in  Section  7. 
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(r2/9r2)^,\  The  hollow  sphere  is  also  a  special  case  of  the  general  puffed  (or  foamed)  particle.  For  a 
spherical  foamed  particle,  the  [ (C/V) / (G/V)  ]  is  Just  the  inverse  of  the  solids  fraction,  1/f. 

Figure  1  is  a  plot  of  the  parameters  that  affect  the  [ (G/V) / (C/V)  ]  ratio  for  various  shapes.  The 
figure  demonstrates  that  to  Increase  the  [ (G/V) /(G/V)  ]  ratio  by  a  factor  of  10,  filament  length-to-di- 
ameter  ratios  must  exceed  2500.  For  a  disc,  an  aspect  ratio  of  about  300  is  needed,  and  for  a  shell,  the 
thickness  should  be  about  1/100  the  radius  to  achieve  the  same  increase.  If  a  solid  sphere  can  be  foamed 
or  puffed  out  so  that  90%  of  the  puffed  material  is  voids,  the  [ (G/V) / (C/V)  ]  ratio  will  also  increase  by 
a  factor  of  10. 

In  practice  it  may  be  difficult  to  effectively  disperse  filaments  with  aspect  ratios  as  high  as 
2500.  Very  thin  hollow  particles  with  sufficient  strength  or  stability  may  be  difficult  to  manufacture. 
Thin  discs,  in  the  form  of  flakes,  and  puffed  particles  are  probably  the  most  tractable  shapes  to  deal 
with  physically  and  exhibit  the  greatest  dependence  of  geometrlc-cross-section-to-mass  ratio  on  particle 
geometry . 

Significant  enhancement  of  the  extinction  coefficient  for  particles  with  diameters  less  than  the 
wavelength  of  incident  light  (Rayleigh  region)  cannot  be  achieved  simply  by  changing  particle  shape 
because  the  extinction  efficiency  becomes  a  very  strong  function  of  the  complex  index  of  refraction  as 
well  as  the  aspect  ratio.  Embury  has  noted5  thac  the  extinction  coefficient  can  be  changed  by  coating 
ellipsoidal  particles  with  materials  of  a  different  index  of  refraction.  These  calculations  predict  that 
extinction  is  enhanced  when  a  dielectric  material  Is  coated  with  a  highly  conductive  material  such  as 
metal . 

Since  extinction  in  the  Rayleigh  region  is  such  a  strong  function  of  the  complex  index  of  refraction. 
It  should  also  be  possible  to  select  materials  with  enhanced  extinction  on  the  basis  of  refractive  in¬ 
dexes.  The  imaginary  component  of  the  refractive  index  governs  light  absorption  and  relates  to  the  mag¬ 
netic  permeability  and  electrical  conductivity  of  materials  (n'  ■  2o  unj/f').  Thus,  highly  conductive 
materials,  such  as  metals  or  doped  semiconductors,  should  absorb  strongly  at  IR  wavelengths.  Metals  alsa 
reflect  efficiently  in  the  ZR  region. 

For  dielectric  materials,  complex  refracti/a  indexes  are  generally  unknown,  making  prediction  of  ex¬ 
tinction  efficiencies  difficult.  It  is  known,  however,  that  for  dielectrics,  frequencies  of  maximum  ab¬ 
sorption  correlate  with  chemical  functional  groups.  Empirical  correlations  of  absorption  bands  with 
chemical  structure  are  available  (e.g.,  see  Table  II)  and  permit  the  selection  of  Inorganic  and  organic 
compounds  thac  are  likely  to  feacure  strong  absorpeion  in  the  spectral  regions  of  Interest. 

In  summary,  theory  predicts  that  ^article  geometries  and  refractive  Indexes  can  contribute  to  en¬ 
hanced  IR  extinction.  In  seeking  appropriate  materials  to  model  these  effects  we  elected  to  examine  the 
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•  Dielectrics:  inorganic  end  organic  compounds  featuring  absorption  bands  in  the  3  to  S  vim  and  8  to 
14  pm  regions. 

•  Foamed  particles:  expanded  graphite. 

•  Coated  dielectrics:  copper-coated  polymer  microspheres  and  copper-coated  mica  flakes. 

a  Thin  discs:  metal  flakes  (spherical  metal  particles  were  examined  for  comparison)  and  crystalline 
graphite. 

•  Semiconductors:  doped  ZnO  semiconductors. 

3.  EXPERIMENTAL  DETAILS 

3.1  MATERIALS 

3.1.1  COMMERCIALLY  AVAILABLE  MATERIALS.  Table  III  summarizes  sources  and  descriptions  of  materials 
obtained  from  cotmerclal  sources. 

3.1.2  EXPANDED  GRAPHITE.  Several  samples  of  graphite  powder  were  Intercalated  with  nitric  acid  and 
exfoliated  by  rapid  heating  to  yield  expanded  particles.  Details  follow. 

Sample  3043-027.  A 0.0370-gm  (3.08  x  10“’  mole  carbon)  sample  of  graphite  powder  used  as  a  lock 
lubricant  (Schage  Lock  Co.)  was  read  over  the  surface  of  e  fared  Petri  dish.  The  Petri  dish  was  placed 
in  a  dessicator  containing  CaCl,  and  exposed  to  vapors  from  a  beaker  of  702  HNOj .  After  18  hours,  the 

total  sample  weight  was  0.04070  gm.  The  amount  of  intercalated  HNO,,  by  difference,  was  0.0137  gm  (0.217 

x  10“  ’  mole) . 

Sample  3043-68.  A  7.59-gm  (0.63  mole  carbon)  sample  of  graphite  powder  (Alfa  Ventron)  was  immersed 

for  2  hours  in  30  ml  of  702  HNOi.  The  liquid  HNO,  was  filtered,  dried  at  25°C  for  15  to  30  min  and  the 

remaining  sample  weight  was  7.88  gm,  corresponding  to  0.28  gm  (4.48  x  10"’  mole)  of  intercalated  HNO,. 

Sample  3043-71.  A  5.81-gm  (0.487  mole  carbon)  sample  of  (Schlage)  graphite  powder  was  immersed  for 

2  hours  in  a  mixture  of  702  HN0»-302  oleum.  The  acid  was  filtered,  dried  at  25*C  for  15  to  30  min  and  the 

remaining  sample  weight  was  12.91  gm,  corresponding  to  7,10  gm  (0.113  mole)  of  intercalated  HNO,. 

Sample  3043-90A.  A  1.0892-gm  (0.0908  mole  carbon)  sample  of  Southwestern  grade  1636  graphite  was 

suspended  in  702  HN0a  for  18  hours.  The  sample  was  filtered,  worked  with  water,  and  weighed.  The  product 

weighed  1.2174  gm,  corresponding  to  0.1282  gm  (0.0020  mole)  of  intercalated  HNO,. 

Sample  3043-90B.  The  Intercalated  graphite  (3043-90A)  was  divided  into  two  fractions-  One  fraction 
was  untreated.  The  other  (3043-90B)  was  exfoliated  by  spreading  small  amounts  of  the  powder  on  a  300°C 
hot  plate. 

3.1.3  COPPER-COATED  MICROSPHERES.  Solid  poly(methyl  methacrylate),  PMMA,  microspheres  were  prepared 
and  copper-coated  by  an  electroless  deposition  method.  Solid  copper  microjpheres  were  prepared  similarly. 
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Preparation  of  Solid  PMMA  Mlcrospheres  (Sample  11751-9).  An  90-gm  sample  of  PMMA  resin  (Dupont  El- 
vacite  2009)  was  dissolved  in  240  gm  of  CHaClj  and  80  gm  of  ethyl  acetate.  The  solution  was  emulsified 
in  a  Waring  blender  with  600  g  of  aqueous  10X  gun  arable,  stirred  at  high  speed  In  a  Vlrtrls  homogenlzer 
for  10  minutes,  then  stirred  In  an  open  beaker  at  ambient  temperature  until  the  organic  solvents 
evaporated.  The  gum  arable  was  diluted  to  51  with  demineralized  water.  The  mlcrospheres  were  centri¬ 
fuged  and  washed  six  tines  wlch  water.  Isolated  by  filtration  and  air  drying,  then  resuspended  in  water. 
The  average  particle  size  of  the  mlcrospheres  was  2  urn. 

A  20-gm  sample  (11751-7)  was  also  prepared  using  this  technique. 

Preparation  of  Copper-Coated  Solid  PMMA  Mlcrospheres  (Sample  11751-26-1).  A  20-gm  sample  of  PMMA 
mlcrospheres  (11751-9)  was  slurried  in  water  and  dispersed  in  200  ml  27  SnCl»  and  1%  HC1,  then  stirred 
for  20  minutes  at  room  temperature,  followed  by  filtration  and  washing  with  water.  The  wet  mlcrospheres 
were  dispersed  in  600  ml  of  0.0057.  PdClj  in  li  HC1,  stirred  20  minutes,  filtered,  and  washed  with  water 
and  dried  at  25°C.  The  mlcrospheres  were  then  redispersed  in  8.6  liters  of  water  containing  CuS0,»5H30 
(88  gm),  Rochelle  Salt  (440  gm)  ,  and  h'aOH  (123  gm)  .  The  suspension  was  stirred  at  room  temperature,  and 
176  gm  of  377  HjCO  solution  added  slowly  by  ail  addition  funnel.  The  suspension  was  stirred  until  gas 
(Hj)  evolution  was  no  longer  evident.  The  copper-coated  mlcrospheres  were  then  filtered,  washed,  and  air- 
dried.  The  yield  was  41.2  gm  (97.27). 

Using  this  same  general  procedure,  with  minor  modifications,  two  other  samples  (11751-26-2  and 
11751-26-3)  of  copper-coated  mlcrospheres  were  prepared.  Table  IV  summarizes  the  quantities  of  materials 
used  to  produce  the  copper-coated  mlcroapheres  snd  the  final  yields. 

Preparation  of  Solid  Copper  Mlcrospheres  (Sample  11751-28).  Solid  copper  mlcrospheres  were  prepared 
by  the  general  procedure  used  for  copper-coated  PMMA  microspheres  (sample  11751-26-3)  except  that  the 
sensitization  step  (treatment  of  PMMA  mlcrospheres  with  SnClj)  was  omitted.  Thus,  31.1  gm  of  an  aqueous 
slurry  of  PMMA  mlcrospheres  (8.0  gm  cf  PMMA)  was  added  to  240  ml  of  0.0057  PdClj  in  1",  HC1  and  stirred 
20  minutes.  The  mlcrospheres  were  filtered,  washed,  and  resuspended  In  10  liters  of  an  aqueous  solution 
of  106  gm  of  CuS0t*5H}0,  528  gm  of  Rochelle  Salt,  and  148  gm  of  NaOH.  Next,  211  gm  of  aqueous  377  HaCO 
solution  was  added  dropwisc.  No  deposition  of  copper  occurred,  and  an  additional  1.76  liters  of  aqueous 
CuS0,»5Hj0  (35-2  gm),  Rochelle  Salt  (35.2  gm),  and  NaOH  (35.2  gm)  was  added,  followed  by  70  gm  of  377 
HjCO.  When  the  solution  was  warmed  to  35°  to  40°C,  copper  mlcrospheres  precipitated.  The  supernatant 
(containing  suspended  PMMA  mlcrospheres)  was  decanted,  and  the  copper  mlcrospheres  were  isolated  bv  fil¬ 
tration,  washed  with  water,  and  dried.  The  yield  was  35  gm  (957).  The  average  diameter  ot  the  micro¬ 
spheres  was  approximately  5  am. 

3.1. a  COPPER-COATED  MICA.  The  general  procedure  for  electroless  deposition  of  copper  on  mica  con¬ 
sists  of  four  steps: 
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Cl)  Pretreatment  with  surfactant  (poly  echoxylated  quaternary  ammonium  chloride,  Armak  chemicals 
etlioquad  C2S1)  or  polymer  (either  poly(acryllc  acid)  prepared  in  situ  by  persulfate-catalyzed 
p^ymerizetion  at-50°C,  or  echylene-maleic  anhydride  copolymer  (Monsanto) )  to  break  up  agglom¬ 
erates  of  mica. 

(2)  Sensitization  with  a  solution  of  1.0  gm  of  SnCl»*Ha0  in  49  gm  of  water  plus  4  ml  of  concen¬ 
trated  HC1. 

(3)  Catalysis  with  a  solution  of  0.0051  PdClj  in  11  aqueous  HC1. 

(4)  Plating  with  an  aqueous  solution  of  CuS0t«5Hi0,  Rochelle  Salt,  and  NaOH  to  which  la  added  371 
aqueous  HaC0. 

Several  samples  of  coated  mica  were  prepared  using  various  pretreatments  and  various  copper-to-mica 
ratios.  The  copper-to-mica  ratio  was  varied  by  changing  the  relative  amounts  of  CuS0»»5Hj0  and  mica  in 
the  plating  solution,  lable  V  summarizes  the  reaction  conditions  used  for  copper-coated  mica.  The  pro¬ 
cedure  for  preparing  sample  11751-27  Is  typical  and  is  described  below. 

A  10-gm  sample  cf  mica  (English  Mica  Co.,  C300)  was  pretreated  by  dispersing  the  mica  in  150  ml  of 
11  Ethoquad  C125,  stirring  for  15  minutes  at  room  temperature,  filtering,  and  washing  with  water.  The' 
sensitized  mica  was  added  to  300  ml  of  PdClj  solution,  stirred  20  minutes,  filtered,  and  washed.  The 
catalyzed  material  was  then  dispersed  in  4  liters  of  water  containing  40  gm  of  CuS0t*5H30,  56  gn  of  NaOH, 
and  200  gm  of  Rochelle  Salt  and  stirred  continuously  while  80  gtn  of  371  HaCO  was  added  dropwise  via  an 
addition  funnel.  When  gas  (H,)  evolution  cased,  1.2  liters  of  aqueous  CuS0t»5HjO  (40  gm) ,  NaOH  (40  gm), 
and  Rochelle  Salt  (40  gm)  was  added,  followed  by  80  gm  of  37%  HjCO  solution.  Mter  Ha  evolution  was  com¬ 
pleted,  this  step  was  repeated.  Finally  the  copper-coated  mica  was  filtered,  washed  with  water,  and  air- 
dried.  The  yield  was  38.6  gm  (957.  based  on  Cu  plus  mica). 

3.1.5  DOPED  SEMICONDUCTORS.  Three  electrically  conductive  ZnO  pigments  were  studied.  Two  pigments 
(HC-016  and  HC-238)  were  obtained  from  the  New  Jersey  Zinc  Company  and  one  pigment  (BS-F-1)  from  the  St. 

Joe  Minerals  Corporation.  These  pigments  are  off-white  with  a  slight  grey  or  yellow  hue. 

3.2  METHODS 

3.21.  INFRARED  SPECTRA.  We  obtained  IR  data  on  bulk  materials  using  the  KBr  disc  technique. 

A  2-  to  10-mg  sample  of  teat  compound  was  added  to  approximately  1  gm  of  RBr  (Baker  Analytical  reagent 
grade',.  Tlie  mixture  was  thoroughly  ground  with  an  agate  mortar  and  pestle  .  A  portion  of  the  mixture  was 
then  placed  in  a  stainless  steel  die  and  pressed  into  a  1 . 27-cm-diameter  disc.  The  thickness  of  the  disc 
w.is  typicjlly  0.1  cm  and  was  accurately  measured  with  •  iliper.  The  concentration  of  test  compound  in 
the  disc  was  calculated  from  equation  (3). 


UNCLASSIFIED 


673 


UNCLASSIFIED 

Concentration  of  X  -  _  °f  disc) 

gm  X  +  gm  KBr 

•[^(1.27)’ (thickness) ]" 1 

1R  spectra  were  measured  for  aerosols  using  a  20-m  variable  pathlength  Wilks  cell  fitted  with  NaCl 
windows,  and  a  Perkin  Elmer  457  spectrophometer .  Mirrors  In  the  Wilks  cell  were  gold-coated,  then  over¬ 
laid  with  a  silica  coating  to  minimize  surface  marring  of  the  mirrors.  Aerosol  was  sampled  at  flowrates 
between  10  and  15  i/mln.  Particulate  settling  onto  the  mirrors  of  the  Wilks  cell  was  a  problem,  and 
after  a  300  mg/m*  concentration  of  bronze  flakes  was  sampled  for  1  hour,  light  transmission  through  the 
cell  had  been  reduced  by  372.  Typical  sample  times  were  15  minutes,  to  allow  for  equilibration  and  the 
appropriate  wavelength  scan  time.  Extinction  coefficient  calculations  were  based  on  the  average  of  a 
blank  run  before  and  after  sampling.  All  measurements  were  made  at  pathlengths  of  0.75  m  or  9.75  m.  The 
0.75-m  pachlcngth  was  calibrated  by  filling  the  Wilks  cell  with  CO,  and  Nj.  The  9. 75-m  length  was 
uncalibrated. 

Because  of  problems  associated  with  particulate  coating  of  the  mirrors  in  the  Wilks  cell,  aerosol  TR 
spectra  were  also  obtained  at  CSL  in  a  70-ms  chamber  equipped  with  a  Barnes  IR  Radiometer. 

3.2.2  AEROSOL  GENERATION  AND  MEASUREMENT.  Figure  2  is  a  schematic  of  the  flow-through  aerosol  test 
chamber  designed  and  built  for  characterizing  the  aerosols.  The  chamber  was  constructed  of  6-inch-di¬ 
ameter  stainless  steel  tubing,  and  is  7.2  m  long.  All  inlet  air  flows  were  supplied  by  a  filtered  com¬ 
pressed  air  source  and  metered  by  means  of  calibrated  critical  flow  orifices.  Aerosols  dispersed  in  the 
system  can  be  recovered  by  collection  in  a  downstream  bag  filter.  The  bag  filter  ctn  be  bypassed  if  no 
aerosol  recovery  is  required.  All  test  chamber  air  (that  is  not  removed  by  sampling)  passes  through  a  24 
by  24  inch  HEPA  filter  for  removal  of  particulate  before  being  exhausted  to  the  atmosphere.  A  blower  is 
provided  downstream  of  the  filter  to  maintain  the  system  at  a  slightly  negative  pressure  (approximately 
2  inches  WC) .  .  By  maintaining  a  negative  pressure  on  the  system,  any  leaks  will  be  into  the  chamber,  thus 
preventing  escape  of  aerosol  into  the  working  area. 

Under  normal  conditions  the  test  chamber  was  operated  with  an  airflow  of  1415  liters  per  minute.  The 
average  duct  velocity  was  130  cm/second,  and  the  residence  time  from  the  aerosol  generator  to  the  sample 
point  was  approximately  4.8  seconds.  The  test  chamber  was  designed  to  maintain  all  particles  less  than 
about  200  pm  in  diameter  in  suspension  (ignoring  the  effect  of  impaction  at  the  90-degree  bends,  which 
could  remove  up  to  502  of  the  200-um-dlameter  particles)  at  a  nominal  flowrate  of  1500  liters  per  minute. 

At  that  flowrate,  the  chamber  is  operated  in  a  turbulent  flow  r 'gime  with  a  Reynolds  number  of  12,700. 

8  5 

Thus,  the  aerosol  is  well  mixed  by  the  time  it  reaches  the  sample  point.  Two  3M  Company  Kr  sources  of 
20  mCi  each  were  placed  in  the  chamber  Just  upstream  of  the  dispersion  nozzle  to  help  mitigate  the  elec¬ 
trostatic  effects  due  to  the  charging  effect  of  the  aerosol  generator. 
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A  helium-neon  laser  coupled  with  a  PIN  5  silicon  photodetector  was  mounted  on  the  test  chamber  as  a 
transmissometer .  A  combination  of  Kodak  Wratten  filters  No.  29  and  52  was  placed  In  the  detector  to  re¬ 
duce  stray  light.  The  transmissometer  was  used  as  a  measure  of  aerosol  generator  stability  (by  monitoring 
changes  In  transmission  with  time)  and  as  a  measure  of  extinction  of  the  test  aerosol  at  0.61  pm.  The 
laser  and  detector  optics  were  kept  clean  by  flowing  filtered  compressed  air  over  the  windows,  at  a  flow- 
rate  of  15  liters  per  minute. 

Glycerine  and  slloxane  aerosols  were  produced  with  a  modified  Mlst-0-Gen  ultrasonic  generator. 
Glycerine  was  dissolved  In  water  and  the  slloxanes  were  atomized  as  neat  materials. 

Powders  were  aerosolized  by  means  of  a  proprietary  grooved  oisc  feeder  and  sonic  velocity  disperser 
devloped  by  SRI  International.  The  powder  was  unloaded  pneumatically  from  the  disc  by  an  85  i/mln  air 
stream  and  fed  to  the  sonic  velocity  disperser  oparated  at  70  psig  and  1300  i/min.  Tests  performed  on  the 
disperser  indicated  essentially  complete  dispersion  of  nonfree-f lowing  powders  at  those  conditions. 

Aerosol  concentration  in  the  chamber  was  varied  by  controlling  the  disc  speed  of  the  feeder.  Concentra¬ 
tion  changes  were  monitored  by  the  response  of  the  He-Ne  transmissometer. 

Aerosol  samples  were  taken  on  Nucleopore  filters  for  gravimetric  determination  oc  concentrations  and 
also  for  obtaining  scanning  electron  micrographs.  All  airflows  were  measured  using  critical  flow  ori¬ 
fices.  Particle  size  determinations  in  the  aerosol  were  made  with  a  California  Measurements  Piezoelectric 
Cascade  Impaccor  (Model  No.  PC-2).  The  impactor  was  modified  by  removing  the  second  stage  orifice  and  im¬ 
paction  substrate  to  improve  data  interpretation.  The  impactor  was  operated  at  a  nominal  airflow  rate  of 
250  cm’/mlnute.  Sampling  from  the  aerosol  chamber  was  performed  aB  close  to  isokinetic  as  possible. 


4.  RESULTS  AND  DISCUSSION 

This  section  describes  materials  and  spectral  properties  for  bulk  samples  of  classes  of  materials. 
Aerosol  physical  characteristics  and  aerosol  IR  spectral  data  for  various  classes  of  materials  are  dis¬ 
cussed  separately. 

4.1  DIELECTRICS 

Table  VI  summarizes  IR  spectral  data  for  bulk  samples  of  selected  organic  ar.d  inorganic  materials. 
The  table  lists  absorption  maxima  and  extinction  coefficients  at  the  maxima  plus  extinction  coefficients 
at  3.5,  9.6,  and  10.6  nm.  Figures  3  and  4  are  typical  absorption  spectra,  respectively,  for  an  organic 
compound  (dibutyl  butylphosphonate)  and  an  lncrianic  compound  (Mistron  talc). 

The  table  shows  that  fluorocarbons  (Teflon  7C)  and  organophosp'norus  compounds  (dibutyl  butylphos¬ 
phonate)  featured  several  absorption  bands  in  the  regions  of  Inter  st.  The  extinction  coefficients  were 
rather  low,  however,  and  did  not  exceed  0.3  mJ/gm. 
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Siliceous  materials  featured  the  most  Intense  absorptions  of  any  of  the  dielectric  materials  that  we 
Investigated.  This  was  true  both  for  organo-silleons  such  as  hexamethyl  dialloxane,  and  Inorganic 
materials  such  as  silica  (Mln-U-Sil  and  Cah-O-Sil),  or  silicate  minerals  (clay  or  talc). 

A  sample  of  talc  (Cypruhond)  showed  one  of  the  highest  extinction  coefficients  (a  •  0.82  mVgm  at 
9.8  pm)  of  any  of  the  materials  Investigated  in  this  work.  Cyprubond  is  an  inorganic  silicate  that  has 
been  treated  with  an  organosilene,  aminopropyl  trlethoxysilane.  The  organosilane  bonds  covalently  to  free 
hydroxyls  in  the  talc.  It  is  interesting  to  note  that  the  9.8  pm  wavelength  extinction  coefficient  for 
Cyprubond  was  nearly  double  (0.82  versus  0.94  mVgra)  that  of  Mlgtron,  an  Identical  talc  not  treated  with 
the  organosilane.  Similarly  treated  csllanized)  versus  untreated  (Afton  clay)  samples  of  kaoline  (another 
silicate)  showed  9.6  pm  wavelength  extinction  coefficients  (a  ■  0.70  and  0.54  n.2 / gm ,  respectively)  that 
differed  by  a  factor  of  1.3.  The  phenomenon  thus  appears  to  be  real  uni  may  be  a  general  property  of 
silicates  coated  in  this  manner. 

Although  certain  of  these  dielectrics  exhibited  reasonably  high  extinction  c  efficients,  they  shared 
a  common  deficiency.  All  the  materials  discussed  above  featured  absorption  bands  In  discrete  wavelength 
regions.  In  all  cases  the  materials  were  essentially  transparent  to  t  large  part  of  the  IR  spectral  re¬ 
gion.  Th's  was  especially  true  of  siliceous  rsteriala,  which  absorbed  strongly  near  9.6  pm  but  absorbed 
very  weakly  iii  altroet  all  other  region*  of  the  spectrum.  Such  compounds  mlg  .c  be  useful  obscurants  in 
terms  of  countermeasures  against  electrooptlcal  devices  openflng  at  specific  wavelengths  (e.g,,  at  the 
9.6  and  10.6  um  lines  of  a  C0a  laser).  However,  if  extinction  ia  integrated  over  the  entire  3  to  5  and  8 
to  14  pm  regions,  total  extinction  would  be  marginal  for  most  of  these  materials. 

Some  materials,  such  as  coal  and  molybdenum  disulfide,  exhibited  featureless  absorption  ever  the  en¬ 
tire  IR  region.  The  extinction  coefficients  for  these  materials,  though  constant  over  the  3  to  14  pm 
range,  were  nevertheless  somewhat  low;  at  10.6  pm,  o  •  0.096,  and  0.081  m’/gm  for  coal,  and  MoS2,  re¬ 
spectively.  Graphite,  however,  combined  broadband  extirctlnn  with  high  extinction  efficiency;  at  10.6  pm 
a  »  0.26  and  0.85  m2/gtn  for  Schlage  and  Asbury  graphites,  respectively. 

4.2  INTERCALATED  AND  EXPANDED  GRAPHITES 

As  noted  above,  crystalline  graphite  exhibits  Intense  broadband  IR  absorption.  We  can  rationalize 
this  behavior  In  terms  of  the  relatively  high  conductivity  (and  nence  high  imaginary  refractive  Index)  of 
the  material  as  well  as  the  layered  graphitic  structure,  which  approximates  the  model  for  thin  discs. 

The  planar  graphite  structure  permits  intercalation  of  small  molecules  within  the  interstitial 
spaces.  HNOj-lntercalated  graphite  la  highly  conductive,5  5  and  we  reasoned  that  this  material  might  ex¬ 
hibit  enhanced  extinction  due  to  conductivity  effects.  Table  VI  reveals,  however,  that  this  is  not  the 
case;  HNO, -Intercalated  Schlage  graphite  exhibited  lower  extinction  coefficients  than  the  orglnal  material 
except  at  7.19  pm  where  the  HNOj  absorption  band  contributes  to  absorption. 
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We  were  alio  interested  In  HNOi-lntercalated  graphite,  Insofar  ag  rapid  heating  of  the  material  Is 
known16"13  to  cause  exfoliation  of  the  lntercalant  and  aeparatlon  of  the  besal  planes  resulting  In  an  ex¬ 
panded  or  foamed  material.  We  Investigated  several  materials  and  methods  (nee  Section  3.1.2)  for  exfoli¬ 
ating  graphite  and  found  that  Schlage  and  Southwestern  graphites  (see  Table  III)  could  be  greatly  ex¬ 
panded.  Figures  5  and  6  are  scanning  electron  micrographs  (SEMs),  respectively,  of  intercalated  and  ex¬ 
panded  graphites.  The  figures  clesrly  reveal  the  separation  of  planes  In  the  expanded  material. 

Because  the  thickness-to-radlus  ratio  of  dlsc-like  structures  and  the  solids  fraction  of  framed 
particles  strongly  influence  the  geometrlc-cross-sectlon-to-mass  ratio  (Figure  1),  It  seems  likely  that 
exfoliated  graphites  would  feature  enhanced  extinction  relative  to  nonexpanded  material.  Unfortunately, 
the  expanded  graphite  lacks  strength  and  Is  recompressed  in  preparing  KBr  discs  for  bulk  spectra.  Addi¬ 
tionally,  the  expanded  particles  that  we  prepared  are  far  too  large  (ca.  100  urn  In  dlamecer)  to  permit 
aerosollzatlon.  Thus  we  have  been  unable  to  verify  the  predicted  spectral  properties  of  the  expanded 
material.  We  consider  chat  with  additional  development  aerosolized  expanded  graphite  could  be  obtained 
and  believe  chls  area  warrants  further  investigation. 

1 . 3  COATED  DIELECTRICS 

We  investigated  two  types  of  coated  dielectric  materials.  Polymer  (PMMA)  tnlcrospherea  and  mica 
nerved  aa  substrates,  and  we  used  an  electroless  (chemical  reduction)  deposition  process1'*  to  prepare 
thin  copper  coatings  on  either  material.  The  advantage  of  the  electroless  deposition  process  is  that  all 
of  che  cupric  Ion  added  as  starting  material  reduces  to  metallic  copper  on  the  surface  of  the  substrate. 
This  allows  the  application  of  very  thin  and  even  coatings  co  che  substrate  and  permits  the  mating  thick¬ 
ness  to  be  easily  controlled. 

Table  TV  describes  the  samples  of  copper-coaced  PMMA  microspheres  prepared.  Starting  with  2-um- 
dlameter  solid  PMMA  mlcroapheree,  we  prepared  coated  samples  with  copper-to-polymer  ratios  of  0.  1.1,  2.2, 
and  4.5.  These  ratios  correspond  to  copper  layers  of  0.05,  0.1,  and  0.2  um.  respectively.  Table  VII 
summarizes  the  IR  spectral  properties  of  the  bulk  materials.  The  table  lists  extinction  coefficients  at 
the  PMMA  absorption  maxima  <5.85  and  8.9  um)  and  also  at  3.5,  9.6  and  10.6  pm.  The  table  ahowa  that  in¬ 
creasing  the  Cu-to-polymer  ratio  of  the  coated  spheres  transformed  the  particles  from  absorbers  at  dis¬ 
crete  wavelengths  (6.85  and  8.9  pm)  to  materials  featuring  broadband  extinction  (equal  values  for  a  ac  all 
wavelengths).  It  also  appeared  that  increasing  the  copper-to-polymer  ratio  from  2.2  to  4.5  did  not  in¬ 
crease  extinction.  Tills  suggests  that  the  0.1-um  layer  of  copper  absorbed  or  reflected  nearly  all  of  the 
Incident  radiation  and  chat  increasing  the  layer  thickness  only  contributed  to  a  reduction  in  extinction 
coefficient  normalized  on  a  weight  basis.  ue  relatively  low  extinction  coefficient  for  solid  copper  ml- 
crospheres  can  be  similarly  rationalized. 
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Table  Vlll  gives  IR  spectral  data  for  copper-coated  mica.  The  data  are  given  at  3.5  and  10.6  pm  as 
well  a9  at  the  10.0  pm  absorption  band  of  uncoated  mica.  The  copper-coated  mica  was  similar  to  the 
copper-coated  PUMA  microspheres  in  that  increasing  copper-to-mlca  ratios  past  0.76  resulted  in  broadband 
extinction,  but  did  not  contribute  to  Increased  extinction  normalized  on  a  weight  basis. 

4.4  THIN  DISCS 

Ue  obtained  pigment  grade  aluminum,  bronze,  and  copper  flakeo  and  recorded  KBr  disc  IR  spectra  for 
all  three  materials.  For  comparison  we  also  examined  spherical  aluminum  and  copper  particles.  Table  IX 
summarizes  the  spectral  data.  Crystalline  graphite  can  also  be  characterized  as  a  diac-shaped  material 
(as  previously  discussed).  Spectral  data  for  graphite  samples  are  given  in  Table  VI.  Because  all  the 
metal  samples  exhibited  broadband  extinction,  ue  calculated  extinction  coefficients  at  a  single  wavelength 
(10.6  pm).  Table  IX  shows  that  the  flakes  exhibited  considerably  higher  extinction  coefficients  than 
corresponding  spheres.  Moreover,  absolute  values  for  extinction  coefficients  were  quite  high,  with  the 
value  for  aluminum  flakes  (a  -  0.96  mVgm)  being  the  highest  of  any  material  investigated.  That  aluminum 
flakes  were  superior  to  bronze  and  copper  flakes  in  terms  of  extinction  normalized  on  a  mass  basis 
probably  relates  to  the  relatively  low  density* of  aluminum  [see  equation  (1)]. 

4.5  DOPED  SEMICONDUCTORS 

Highly  doped,  electrically  conductive  semiconductor  pigments  were  proposed  as  screening  smoke 
material  because  doping  increases  the  charge  carrier  concentration  of  the  aemlconductor,  resulting  in  a 
broad,  Intense  absorption  band  in  the  IR.  The  modification  of  the  electrical  conductivity  increases  the 
complex  index  of  refraction,  thus  enhancing  the  extinction  efficiency. 

IR  spectra  of  several  grades  of  commercially  available  aluminum-doped  conductive  zinc  oxide  pigments 
were  measured  with  the  KBr  disc  technique  and  are  reported  in  Table  X.  The  spectra  were  fairly  broadband, 
and  the  materials  produced  a  reasonably  high  extinction  coefficient.  Attempts  were  made  to  further  en¬ 
hance  the  conductivity  of  the  commercial  material  by  increased  doping  with  hydrogen.  Although  conducti¬ 
vity  was  increased,  it  was  determined  to  be  a  surface  effect  rather  than  an  Increase  for  the  bulk  material. 

4.6  AEROSOL  PROPERTIES  AND  SPECTRA 

We  investigated  aerosol  properties  for  selected  materials.  Initial  work  at  SP.I  indicated  the  use  of 
the  Wilks  variable  pathlength  cell  for  determination  of  IR  spectra  was  complicated  by  sedimentation  and 
collection  of  particles  on  the  cell  mirrors.  Consequently  most  aerosol  spectral  data  were  recorded  using 
the  70-m  chamber  at  CSL. 

At  SRI  we  investigated  the  following  materials:  glycerin,  hexamethyl  dislloxane,  decamethyl  tetra- 
siloxane,  Joped  zinc  oxide  (HC-f38),  molybdenum  disulfide,  and  bronze  (MD  90)  flakes.  Table  XI  summarizes 
aerosol  phvslcal  and  spectral  data  for  these  materials, 
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Glycerine  was  aerosolized  using  an  ultrasonic  generator  at  a  nominal  concentration  of  100  gm/m*, 
from  a  10%  by  weight  solution  in  water.  Based  on  known  generator  characteristics,  the  nominal  average 
diameter  was  about  2  pm.  As  expected,  strong  absorption  bands  appeared  at  about  3.3  and  9.6  pm.  The  ex¬ 
tinction  coefficient  for  the  glycerine  alone  vaa  estimated  to  be  0.1  ra’/gm  at  3.3  pm  and  0.08  ma/gm  at 
9.6  pm.  At  3.3  pm  the  glycerine-water  system  has  an  extinction  coefficient  of  about  0.15  ma/gm  (see 
Table  IX).  These  values  are  only  approximate,  since  no  specific  determination  of  aerosol  concentration 
was  made. 

Two  liquid  slloxanes  (hexamethyl  dlslloxane,  and  decamethyl  tetraslloxane)  were  also  generated  in 
the  ultrasonic  aerosol  generator,  but  it  was  evident  that  any  aerosol  vaporized  before  entering  the  test 
system.  Qualitatively,  the  slloxanes  exhibited  strong  absorption  bands  similar  to  those  obtained  for  the 
bulk  measurements.  The  actual  vapor  concentration  in  the  system  was  unknown  and  therefore  no  extinction 
coefficients  could  be  calculated. 

Doped  ZnO  (HC-238)  and  MoSa  were  generated  as  aerosols  with  the  sonic  velocity  disperser.  Several 
runs  were  made  at  various  aerosol  concentrations  to  determine  IR  spectra  and  to  evaluate  the  effect  of  the 
aerosol  on  the  operation  of  the  Wilks  cell.  Aerosol  concentrations  were  determined  gravlmetrically  from 
Nucleopore  filters,  and  particle-size  distributions  were  measured  with  a  modified  piezoelectric  cascade 
ltnpaccor. 

The  aerosol  IR  spectra  for  doped  ZnO  were  qualitatively  similar  to  the  spectra  for  the  bulk  material 

but  exhibited  a  lower  average  total  extinction  (0.15  rn’/gm).  Molybdenum  sulfide  exhibited  approximately 

s  • 

the  same  extinction  coefficient  as  ZnO. 

Particle  size  distribution  was  reasonably  close  to  log  normal;  the  mass  median  diameter  of  the  ZnO 
wan  1.0  pm,  the  mass  median  diameter  of  the  MoSa  was  2.1  pm,  and  the  standard  geometric  deviation  was 
about  2.9  for  the  ZnO  and  about  2.6  for  the  MoSa.  The  size  distributions  as  measured  for  the  ZnO  at  both 
the  low  and  high  concentrations  were  Identical,  indicating  consistent  dispersion  from  the  sonic  velocity 
disperser. 

The  spectral  data  obtained  for  ZnO  and  MoSa  are  somewhat  suspect  because  of  a  discovery  that  the  mir¬ 
rors  In  the  Wilks  cell  may  have  been  out  of  alignment,  After  the  cel)  had  been  calibrated  with  C0a,  it 
was  determined  that  a  pathlength  of  0.75  m  could  be  used  with  confidence,  and  this  was  done  for  measure¬ 
ment  with  the  bronze  (MD90)  powder.  The  extinction  coefficients  measured  for  the  bronze  powder  In  the 
aerosol  closely  matched  those  found  In  the  bulk  measurement  (0.3  as  compared  with  0.36  m'/gm). 

Table  XII  summarizes  aerosol  spectral  data  obtained  at  CSL.  Materials  Investigated  included;  bronze, 
aluminum  and  copper  flakes,  copper  spheres,  copper-coated  mica,  copper-coated  PMMA  microspheres,  and  cry¬ 
stalline  graphite.  The  table  gives  extinction  coefficients  at  four  wavelengths  and  aerosol  concentrations 
as  a  function  of  time  after  dissemination.  The  sonic  velocity  disperser  was  used  to  aerosolize  all  the 
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samples,  and  aerosol  concentrations  were  determined  gtavimetrically .  The  table  indicates  that  metal 
flakes,  particularly  aluminum  flakes,  exhibited  strong  extinction  throughout  the  1R  region.  The  Asbury 
graphite  was  also  a  strong  absorber,  essentially  equalling  the  performance  of  the  aluminum  flakes. 

Copper  spheres,  and  copper-coated  dielectrics,  though  broad-band  absorbers,  exhibited  relatively  low  ex¬ 
tinction  coefficients  at  3.0  and  10.6  em.  The  increase  in  extinction  coefficients  with  time  reflects  a 
changing  size  distribution  of  the  aerosols  due  to  relatively  rapid  sedimentation  of  large  diameter 
particles . 

Table  XII  also  shows  that  for  the  same  materials,  aerosol  extinction  coefficients  were  considerably 
greater  than  values  determined  for  bulk  samples  using  the  KBr  disc  technique.  This  probably  resulted  from 
more  efficient  dispersion  of  powders  into  individual  particles  on  aerosollzat Jon  with  the  sonic  velocity 
disperser  compared  with  dispersion  of  particles  within  a  KBr  powder  by  use  of  a  mortar  and  pestle.  This 
appears  to  be  a  general  phenomenon  and  recommends  that  KPr  disc  data  be  interpreted  as  semlquantitative  or 
only  as  lower  limits  to  aerosol  data. 


5.  CONCLUSIONS 

Of  30  samples  representing  various  geometries  and  material  types  we  find  that  dl3c-shaped  (flaked) 
materials,  as  a  class,  exhibit  the  highest  IR  extinction.  Aluminum  flakes  and  crystalline  graphite  in 
particular  feature  extinction  coefficients  of  approximately  2  to  3  m'/gm.  Metal-coated  dielectrics,  metal 
spheres,  and  doped  semiconductors  are  broadband  obscurants,  but  their  extinction  coefficients  are 
significantly  lower  than  those  for  metal  flakes  or  graphite.  Inorganic  and  organic  dielectrics  featuring 
discrete  IR  absorption  bands  could  have  utility  as  coun termeasures  for  single-wavelength  electrooptical 
devices,  but  would  absorb  only  a  small  fraction  of  the  total  light  available  In  the  atmospheric  windows  of 
the  IR  spectrum.  Theoretical  considerations  provide  for  increased  extinction 

with  increasing  aspect  (radiua-to-thickness)  ratio  of  disc-shaped  particles.  Rapid  exfoliation  of  HNO»- 
intercalated  graphite  offers  some  promise  for  increasing  aspect  ratios  by  separation  of  basal  planes  in 
graphitic  materials.  However,  development  of  suitable  methods  for  generation  of  aerosols  of  exfoliated 
graphite  requires  further  investigation. 

The  KBr  disc  method  for  determining  IR  spectra  of  bulk  powders  Is  semlquantitative  at  best.  For  a 
given  materia',  cxtlnctl-T  coefficients  measured  by  the  KBr  disc  method  are  general ly  lower  by  a  factor  of 
approximately  two  than  values  determined  on  aerosol  samples. 


UNCLASSIFIED 


680 


B 


UNCLASSIFIED 


C-4 


6.  REFERENCES 

1.  Harris,  8.  L.,  Shanty,  F.,  and  Wiseman,  W.  J.,  "Chemical  in  War,"  in  Kirk-Othemer  Encyclopedia  of 
Chemical  Technology.  3rd  Ed.,  Vol.  5,  pp  405-408.  Wiley-Intersc lence ,  New  York.  1979. 

2.  Embury,  J.,  In  Search  of  Strong  Infrared  Extinction  In  Aerosols.  Proc.  Army  Science  Conference. 

West  Point,  N.Y. ,  1980. 

3.  Embury,  J.,  Light  Scattering  by  Irregularly  Shaped  Particles.  D.  Schuerman,  ed.  Plenum  Press,  New 
York.  1980. 

4.  Sadtler  Collection  of  Standard  Spectra,  Sadder  Research  Laboratories,  Philadelphia  PA.  1965. 

5.  Fischer,  J.  E.,  Thompson,  T.  E.,  Foley,  G.M.T. ,  Guerard,  D. ,  Hoke,  M. ,  and  Lederman,  F.  L.,  Optical 
and  Electrical  Properties  of  Graphite  Intercalated  with  HNOj.  Phys.  Rev.  Lett.  J7,  769  (1976). 

6.  Fischer,  J .  E. ,  Thompson,  T.  E.,  and  Vogel,  F  .,  Free  Carrier  Plasma  in  Graphite  Compounds.  ACS 
Symposium  Series,  No.  21,  American  Chemical  SocieCv.  1975. 

7.  Yoffe,  A.  D. ,  Electronic  Properties  of  Two  Dimensional  Solids:  The  Laver-Type  Transition  Metal  Di- 
chalcogenides.  Fesckorperprobl.  XIII,  1  (1973). 

8.  Di  Salvo,  F.  J.,  Schvall,  R. ,  and  Ceballe,  T.  H. ,  Superconductivity  in  Layered  Compounds  with  Vari¬ 
able  Interlayer  Spacings.  Phys.  Rev.  Lett.  2]_,  310  (1976). 

9.  Bara,  H.  E. ,  et  al.,  Superconductivity  in  Layered  Structure  Organometallic  Crystals.  Science.  168, 
568  (1970). 

10.  Dowell,  M.  B.,  Exfoliation  of  Intercalated  Graphites,  I.  Effect  of  Graphite  Crystallinity.  12th 
Biennial  Conference  on  Carbon,  American  Carbon  Society.  July  28  to  August  1976,  p.  31. 

11.  Dowell,  M.  B. ,  Exfoliation  of  Intercalated  Graphites,  II.  Structure,  Porosity,  and  the  Mechanism  of 
Exfoliates.  Ibid,  p.  35. 

12.  Berger,  D. ,  and  Maire,  J.,  Propries  Physiques  du  Graphite  Expanse  Kecomprim^.  Mater.  Set.  Eng., 
31,  335  (1977). 

13.  Berger,  D. ,  and  Maire,  J. ,  Preparation  de  Certains  Composes  Lamellalres.  Mater.  Sci.  Eng.,  Jit  331 
(1977). 

14.  Goldie,  W.  ,  Electro  Copper  Deposition.  Plating,  No,  11,  1069  (1974). 

15.  Lukes,  R.  M.  ,  The  Chemistry  of  the  Autocatalyt lc  Reduction  of  Copper  by  Alkaline  Formaldehyde. 
Plating,  No.  11,  1066  (1964). 

16.  Kenley,  R.  A.,  Reyes,  Z.  .  and  Andeen,  G.  3,,  Novel  Tactical.  Obscurants  Based  on  Hollow  Microspheres. 
Chemical  Systems  Laboratory,  Contractor  Report  ALCSL-CR-80050 ,  June  1980. 


UNCLASSIFIED 


683 


UNCLASSIFIED 

7.  GLOSSARY 


Description 

Typical  Units 

A 

Area  of  each  face  of  a  regular  polyhedron 

ma 

a 

Edge  length  of  cube 

ym 

C 

Mass  concentration 

gm/ro* 

D 

0 

Outside  diameter  of  hollow  sphere 

ym 

D 

P 

Particle  diameter 

utr. 

f 

Solids  fraction  of  a  foamed  particle 

Dimensionless 

f' 

Frequency 

Hz 

G 

Average  geometric  cross-sectional  area  of  an  assemblage  of 

randomly  oriented  particles 

ma 

(G/V) 

8 

Ratio  of  average  geometric  cross  section  to  volume  for  a 

solid  sphere 

m” 1 

J 

L 

Imaginary  number  (-1) 

Dimensionless 

L 

Path  length 

urn 

1 

Length  of  a  cylinder  or  thickness  of  a  disc 

ym 

N 

Number  of  faces  of  a  regular  polyhedron 

Dimensionless 

n 1 

Imaginary  part  of  the  complex  index  of  refraction 

Dimensionless 

Q 

Extinction  efficiency 

Dimensionless 

R 

0 

Diffuse  reflectance 

% 

r 

Radius  of  sphere 

ym 

rl 

Radius  of  inscribed  sphere  of  a  polyhedron 

yoi 

r 

0 

Radius  of  spherical  particle  before  foaming 

yen 

Re 

Reynolds  number  (D^Uo/w) 

Dimensionless 

S 

Surface  area  of  particle 

ma 

T 

Temperature 

°C 

t 

Time 

s 

t 

8 

Thickness  of  shell 

yin 

s 

Half-111  e 

9 

u 

Particle  settling  velocity 

cm/ 8 

V 

Volume 

m* 

V 

0 

Volume  of  a  particle  before  foaming 

m1 

a 

Extinction  coefficient 

ma/gm 

°k 

Spectral  absorption  coefficient 

tna/gtn 
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D*,crlP“°0  Typical  Mi. 


a8  Spect/al  scattering  coefficient 

*  Wavelength 

'may  Wavelength  at  maximum  absorption 

V  Fluid  viscosity 

wm  Magnetic  permeability 


Density 

Density  of  metal  coating 
Density  of  polymer  core 
Electrical  conuuctlvity 


ma/gm 

pm 

pm 

poises 

weber 

m-ampturn 

gm/cm* 

gm/cm’ 

gm/cm* 

(ohm-cm)~ 1 
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TABLE  I.  GEOMETRIC  CROSS  SECTIONS  FOR  VARIOUS  PARTICLE  SHAPES 


Particle  shape 

Average 
geometric 
cross  section** 

(C) 

Geometric 
cross  section 
par  unit  mass 

(C/oV) 

Cross  section 
to  mats  ratio 
relative  to 
solid  sphere 

[(C/V)/(G/V)J 

Sphere 

V 

3 

1 

4pr 

Cube 

3a2 

3 

2 

2;  a 

{■) 

Regular  polyhedra 

NA 

3 

NA 

4 

4ort 

4*ri2 

Thin  long  cylinder 

-rX 

1 

(li)1" 

C  »  r) 

2 

2.-.r 

[9r) 

Thin  disc 

0 

ir* 

1 

(2r  2V/3 

(r  »  £) 

2 

2:1 

\9X7/ 

Hollow  particle 

S 

_  l_ 

(—±~AV 

(thin  shell)0 

4 

y  36  ■»  t *  y 

Puffed  particle1* 

S 

s 

s 

47773 

ITTTJTv 

1  0 

<36ir)3/3  fV02/ 

Nomenclature  Is  given  in  Section  7. 

bThis  is  che  average  cross-sectional  area  for  an  ensemble  of  random 
orientations  of  convex  particles  where  every  orientation  has  equal 
prooability . 

Cc  <  0.05r. 

dShape  of  che  puffed  particle  is  unchanged  from  che  particle  before 
puffing. 
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TABLE  XI.  CHARACTERISTIC  INFRARED  ABSORPTION  BANDS  OK  SOME 

ORCANIC  AND  INORGANIC  COMPOUNDS 


Vibration 

Functional 

Group 

Range 

IvP) 

Example 

Sadtler3 

Number 

O-H  Stretch 

Alcohol 

2.9-3. 3 

C4H,OH 

4112 

Saccharide 

2.9-3. 3 

D-Glucose 

5455 

Carboxylic  acid 

3. 3-3. 6 

C,H,COOH 

125 

Phosphoric  acid 

3 . 3-3. f 

(C4H,0)P(0)0H 

9041 

N-H  Stretch 

Amine 

2. 8-3.1 

(c4h») ,nh 

12932 

Amide 

2. 9-3. 2 

C>H»C (0)NHa 

3035 

IC4H  eO) jP (O)NHa 

18706 

C.H,S(0)aNHa 

5760 

Ammonium 

3. 1-3.4 

(NH„)  a0aP(0)0H 

WT2  78*. 

C-H  Stretch 

Alkyl 

3. 3-3. 6 

C  jHj  a 

690 

C'O  Stretch 

Saccharide 

8.3-10.0 

Cellulose 

07033 

P-O-C  Stretch 

Phosphate  ester 

9.5-10.5 

(C4rt,0)aP(0)0H 

9041 

Si-O-Si  Stretch 

Slloxane 

8. 7-9. 5 

[fCH a)  aCHSi(OCaHs  )a0 

11474 

Silicon  dioxide 

8.3-10.0 

Silica  gel 

1760 

Silicates 

8.7-10.0 

AlaOj»2SiOa*2HaO 

(Kaolin) 

1759 

S-0  Stretch 

Sulfonamide 

8. 3-9. 5 

C.H,S(0)aNHa 

5760 

C-F  Stretch 

Fluorocarbon 

7. 7-9.1 

C-.Fla 

1870 

C-Cl  Stretch 

Chlorocarbon 

12.5-16.0 

C(Cl»)C(C)a)CH(C) a) 

5143 

aSee  Ref.  4. 


686 


UNCLASSIFIED 


!  V.W  ATIV 1  MUl  Joints  CSV 


unclassified 


TABLE  IV.  DESCRIPTION  AND  YIELD  OF  COPPER-COATED  MICROSPHERES 


Sample  No. 

g 

Microspheres 
sample  size 
(gm) 

CuSO,, • 5Hj0 
used 

(gm) 

Cu-to-Polymer 

Ratiob 

Yield 

(gm) 

(X)C 

11751-26-1 

20 

88 

1.12 

41.2 

97.2 

11751-26-2 

14 

123.2 

2.24 

39.4 

86.8 

11751-25-3 

S 

141 

4.48 

41.7 

95.2 

aMlcrosphere  sample  1 17 51—9  was  core  material. 

bCu-to-polymer  ratio  •  (gm  CuSO. •  5HaO) •('/.  copper  In  CuS0t*5H>0  »  25.5) 
(gm  polymer) "* . 

c'i  Yield  «  100  x  (yield,  gm)  ((gm  polymer)  +  (gm  CuSOk*5HaO)  (X  copper  in 

cusot)  r*. 
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TABLE  V. 


DESCRIPTION  OF  COPPER-COATED  MICA  SAMPLES 


Material  Quantities  Used 


r\  n  y\  _  C 1 1  r\ 

a 

!  Yield 

Sample  No. 

Pretreacment 

Mica 

(gm) 

CuSO  a,  *  5HjO 
(gtn) 

Cu-to-Mlca 

Ratio 

(gm) 

w1 

11751-13 

c 

Ethoquad 

1.0 

2.0 

0.51 

11761-16 

d 

1.0 

2.0 

0.51 

— 

— 

11751-18-1 

d 

1.0 

1.0 

0.26 

— 

— 

11751-18-2 

d 

1.0 

2.0 

0.51 

— 

— 

11751-20 

d 

1.0 

3.0 

0.76 

1.7 

97 

11751-20A 

Ethoquad  PAA6 

1.0 

3.0 

0.76 

1.5 

35 

11751-24-1 

Ethoquad 

1.0 

8.0 

2.0 

2.9 

97 

11751-24-2 

EMA  21 

1.0 

8.0 

2.0 

2.8 

93 

11751-25 

Ethoquad 

1.0 

12.0 

3.0 

3.8 

95 

11751-27 

Ethoquad 

10.0 

120.0 

3.0 

38.6 

97 

Cu-to-mica  ratio  »  (gm  CuS0»»5Hj0) • (Xcopper  In  CuSO*  5  HjO  •  25.5  •(gm  mica) 
bYleld  -  100  x  (yield,  gm)  ((gm  mica)  +  (gm  CuS0t» 5H,0) (%  copper  In  CuS0*»5Ha0) ]"* 

c 

Pretreatment  procedure:  disperse  mica  In  1%  aqueous  Ethoquad  C125  (Armak  Chemicals), 
using  15  ml  solution  per  gm  of  mica,  Btlr  15  min,  filter,  and  wash  with  water, 
d 

Not  pretreted. 

g 

Pretrectment  produce:  disperse  mica  In  1%  aqueous  Ethoquad  C125,  add  1.0  gm  acrylic 
acid  per  gm  mica,  add  40  mg  aranonlum  persulfate,  and  heat  to  50*0.  After 
poly.(acry  11c  acid)  PAA  Is  formed,  dilute  with  20  ml  2%  aqueous  NaOH,  filter,  and 
wash  with  water. 

^Pretreatment  procedure:  disperse  mica  in  aqueous  27.  NaOH  containing  ethylene- 
maleic  anhydride  copolymer  (EMA  21,  Monsanto),  warm  to  50*C  with  stirring,  cool 
to  room  temperature,  filter,  and  wash  with  water. 
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TABLF.  IX.  INFRARED  SPECTRAL  AND  PARTICLE  SIZE  DATA  FOR  METAL  FLAKES  AND  SPHERES 


Sample 

Sample 

Concentration 

(mg/cm*) 

Pati.length 

(mm) 

Aluminum 
(1400  U) 

0.46 

1.25 

Aluminum 

(spheres) 

2.11 

1.9 

Bronze 

(MD90) 

1.2 

1.20 

Bronze 

(MD98) 

2.03 

0.445 

Copper 
(1400  U) 

1.74 

1.23 

Copper*5 

(spheres) 

2.4 

1. 33 

Extinction 
coef  f ic lent 

(m’/gm) 

at  10.6  um 

Corrected 

Fisher 

diameter 

(um) 

Density 

(gm/cm*) 

0.96 

0.729 

2.71 

0.019 

6.50 

2.71 

0.36 

0.580 

8.79 

0.35 

a 

8.79 

0.25 

1.10 

8.50 

0.037 

a 

8.50 

aData  not  taicen. 

bSample  S-11751-28,  see  Section  3.1.3. 
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TABLE  XI.  INFRARED  AND  AEROSOL  PROPERTIES  OF  VARIOUS  SMOKES 


1 


1 


C-4 


UNCLASSIFIED 


695 


l'i  ..L..  i  jkitiuAu kdu  ■»&. -JiuJiali^ 


UNCLASSIFIED 


TABLE  XII.  AEROSOL  INFRARED  SPECTRAL  DATA" 


Material 

Des  i*rtat  ion 

Time  after 
dlsseolnat  ion 

Aerosol 
concent  rat  Ion 
(n-g/iO) 

Bronte  s  Lakes 

m  i 

mrmm 

Bronte  flak»s 

HD90b 

5 

490  ] 

15 

227 

Alunlmjn  flakes 

1400  L’b 

0 

165 

2.5 

160 

5.0 

ISO 

13 

120 

15 

120 

Copper  flakes 

1400  Lb 

0 

810 

2.5 

7  50 

5.0 

6  30 

10 

360 

15 

2,0 

20 

180 

Copper  sphere* 

11751*28 

0 

100 

2.5 

so 

5  -Cl 

*o 

Copper-coated  r.lca 

11751-27 

:.o 

280 

3.0 

5.0 

1  >3 

10 

60 

PUMA  so! Id 

11751-9 

0 

no 

elcroBpheres 

2.0 

66  3 

3.0 

633 

4.0 

4  70 

5-0 

290 

Copper-coated 

i;;5i-:o-i 

0 

srs 

oicrosptieres 

:.5 

520 

(Cu-Vtf'A  -  1.21) 

5-0 

4  33 

10 

2,5 

15 

i  do 

:o 

Si 

nlc  ros,*lu-res 

:.s 

,05 

iCu-?>MA  •  2.241 

5.0 

}:■> 

in 

19.' 

copper-coated 

K7SW6-J 

0 

5*5 

mlc>  oh  litres 

2.5 

3,5 

(Cu-P.NMA  •  A . *8) 

5.0 

2  30 

:o 

1  J'.1 

1-.5 

105 

Ashury  graphite 

Micro  250^ 

•J 

2  35 

5.«' 

2  3> 

1C 

2  20 

Extinction  coefficient 


.  in; 

•<VT) 

1.1  .n 

■pERfll 

c 

0.35 

c 

1.12 

B 

c 

1.24 

1  ■ 

c 

0.66 

c 

c 

0.66 

c 

c 

0.82 

2.26 

2.55 

1.30 

2.16 

2.-0 

2.25 

2-05 

2.31 

2.35 

1.99 

*..9 

:.,c 

1-52 

2.33 

2.-0 

0-917 

1.09 

1.01 

0.883 

1 .16 

1.06 

0-377 

« 

1.0, 

1.  so 

1.32 

1.16 

2.65 

1.49 

1.36 

3.47 

1 . 5, 

1.25 

1  .99 

o.n 

2.2b 

3. ,4 

0.94 

2.o  3 

,  .03 

i  -  io 

0.50 

0.39 

0.94 

1.4 

0.43 

1.03 

! .  r  s 

t--  * 

1.16 

2.3 

•''.'3 

1.48 

1.93 

1.23 

1.43 

1.96 

1  .  2o 

1.43 

1.99 

1.3C 

1.49 

2.27 

1.44 

1 . 62 

2.87 

1.60 

1  09 

i .  :s 

C.«5 

1.08 

1.  30 

0.85 

1.14 

1.41 

0.91 

1  .40 

1.82 

1.-5 

1  .43 

1.99 

1  .  *6 

1.64 

2.31 

«*-  So 

o.  03 

0.55 

0.(8 

0.57 

9.75 

C.,t 

0.71 

1.05 

;  0 .  SO 

0.63 

•’.6/ 

0.  SO 

0.  79 

0.89 

C.  M 

; .  i » 

1.2 

0. 8  5 

i .  l 
l.l 

: .  h 
’.A. 

1  .  1 

2.8 

3.0 

'  ,  A 

2.8 

3.0 

2.9 

3.  1 

i  ’■* 

"Data  obtained  at  OSL. 
SSiC  T.ihle  III. 
v No t  determined. 
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Solid*  fraction  of  puffed  iphere  (f) 

ThicKnets-to-radiu*  ratio  of  i  thin  ditc  (fi/r) 
Shell-thicknets-to-radiut  ratio  of  a  hollow  sphere  (t/r) 
Radius-to-length  ratio  of  a  long  filament  (r/£) 

FIGURE  1.  RATIO  OF  AVERAGE  GEOMETRIC  CROSS  SECTION  TO  MASS  FOR  VARIOUS 

PARTICLE  SHAPES  RELATIVE  TO  A  SOLID  SPHERE 
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FIGURE  5  SCANNING  ELECTRON  MICROGRAPHS 

OF  INTERCALATED  GRAPHITE 
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figure  6  scanning  electron  micrographs 
OF  EXPANDED  GRAPHITE 
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Pyrotechnic  Infrared 
Screening  Mechanisms 

Joseph  A.  Domanlco 

Chemical  Systems  Laboratory,  ARRADCOM 
Aberdeen  Proving  Ground,  MO 

ABSTRACT 

Of  all  protective  smoke  devices,  Infrared  screening  munitions  are  quickly  assuming  an 
Increasingly  Important  role  In  military  technology.  To  maintain  adequate  defenses  against  hostile 
Infrared  Imaging  weapons  and  devices,  a  vast  Improvement  In  screening  mechanisms  Is  required  due  to 
the  fact  that  Infrared  materials  pose  special  problems  In  both  packaging  and  current  dissemination 
methods.  This  paper  will  present  a  technical  overview  of  the  work  effort  to  devise  Infrared  screening 
systems  of  the  continuous  source  type.  New  dissemination  technology  and  methods  will  be  discussed  for 
dissemination  times  of  approximately  30  seconds  to  over  5  minutes.  Both  stationary  and  projected 
munition  types  will  be  presented. 

The  four  dissemination  techniques  currently  being  Investigated  are  1)  the  rotating  particulate 
dispenser  2)  sublimable  matrix  types  3)  thixotropic  blends  and  4)  associated  pyrotechnic 
formulations. 


1.  INTRODUCTION 

There  currently  exists  several  development  programs  under  the  guidance  of  The  Project  Manager 
for  Smoke  for  the  purpose  of  designing  smoke  munitions  to  screen  In  the  non-vlslble  wavelengths.  This 
paper  will  deal  only  with  the  efforts  of  Chemical  Systems  Laboratory  to  pro-  de  the  smoke  conmunlty 
with  an  Infrared  screening  smoke  pot. 


Several  proposed  mechanisms  for  the  design  of  an  Infrared  smoke  pot  will  be  presented  and  an 
explanation  of  the  "Inner"  workings  provided. 


2.  GENERAL  REQUIREMENTS 


In  designing  mechanisms  for  an  infrared  smoke  pot.  It  Is  best  to  define  some  general 
characteristics  of  both  the  physical  parameters  and  the  performance  of  the  proposed  pot.  While  these 
are  by  no  means  rigid  requirements,  they  do  aid  In  the  comparison  of  several  different  types  of 
mechanisms. 


For  the  purpose  of  the  evaluation  of  the  various  proposed  mechanisms,  the  following  operational 
characteristics  will  be  used. 


a. 


1. 


2. 

3. 

4. 


Operational  Parameters 

Produce  a  dense  cloud  of  smoke  within  30  seconds  of  functioning. 

Cloud  density  and  size  roughly  equivalent  to  current  M5  HC  smoke  pot. 
Provide  both  visual  and  Infrared  screening  capability. 

Smoke  should  last  about  5  minutes  In  zero  wind. 
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5.  Be  capable  of  remote  electrical  Ignition. 

o.  Physical  Parameters 

1.  Weigh  less  than  25  kg. 

2.  Be  stackable  or  capable  of  chain  Ignition. 

3.  Be  less  toxic  than  current  HC  smoke  mix. 

4.  Be  waterproof  and  weatherproof. 

5.  Be  capable  of  rapid  development. 

6.  Be  equally  or  less  hazardous  than  the  current  HC  smoke  pot. 

7.  Be  capable  of  deployment  while  wearing  standard  NBC  protective  equipment. 

3.  SYSTEM  DESCRIPTIONS 


3.1  PYROTECHNIC  MECHANISM 

Of  the  four  potential  candidate  systems  mentioned  above,  the  most  deslreable  would  be  t.he 
simplest  to  fabricate  and  load.  The  production  of  Infrared  screening  materials  by  pyrotechnic  means 
would  easily  be  the  most  direct  and  therefore  the  most  simple.  There  exist  several  candidate 
materials  for  dissemination  by  pyrotechnics  but  only  one  will  be  discussed  here,  the  pyrotechnic 
production  of  carbon  from  polystyrene. 

By  formulating  a  burning  pyrotechnic  mixture  which  contains  polystyrene,  It  has  been  shown  that 
a  significant  Increase  In  the  darkening  of  the  smoke  cloud  results  due  to  the  presence  of  carbon  In 
the  smoke.  This  carbon  Is  In  the  form  of  "charred"  pieces  of  powdered  polystyrene  which  are  ejected 
by  the  pyrotechnic  formulation. 

As  would  be  the  case,  this  mechanism  falls  short  of  meeting  the  criteria  for  a  viable  Infrared 
screening  smoke  due  to  the  low  alpha  of  the  carbon  produced  and  the  parasitic  effect  of  the  burning 
pyrotechnic  vehicle.  However,  the  amount  of  visible  smoke  provided  by  this  mixture  Is  large  enough  to 
warrant  the  continued  Investigation  of  this  method.  If  a  material  Is  found  to  possess  a  higher  alpha, 
end  thus  require  less  material  to  provide  an  Infrared  screen,  this  mechanism  may  yet  prove  to  be 
of  great  value.  However,  until  such  a  material  Is  found,  this  candidate  must  step  aside  for  systems 
which  promise  higher  returns  In  a  shorter  period  of  time. 

3.2  SUBLIMABLE  MATRIX 
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Another  pyrotechnic  method  which  appears  to  have  merit  is  the  two  compartment  system.  This 
system  is  not  new  to  the  pyrotechnic  community,  and  In  fact,  is  quite  an  old  method.  However,  when 
applied  to  the  practice  of  the  dissemination  of  Infrared  screening  materials,  a  new  twist  is  added  to 
complicate  matters.  The  Infrared  screening  material  to  be  disseminated  is  heat  sensitive  and  does 
not  vaporl2e  easily.  Thus,  the  properties  of  the  material  which  Is  to  be  disseminated  are  the  worst 
possible.  This  simple  method  now  becomes  challenging  to  the  point  of  being  Impossible. 

To  alleviate  this  problem  somewhat,  the  Infrared  screening  material  Is  blended  with  a  sublimable 
material  which  acts  as  a  heat  sink.  If  properly  chosen,  the  sublimable  material  may  additionally  add 
to  the  screening  effects  In  either  or  preferably  both  the  visible  and  Infrared  spectrums.  This  reduces 
the  parasitic  properties  of  the  subl Imable,  which  by  current  design  occupies  approximately  one-half  the 
volume  of  the  matrix. 

Further  information  on  the  work  performed  under  contract  by  the  Shock  Hydrodynamics  Corporation 
for  Chemical  Systems  Laboratory  may  be  found  in  reference  (1). 

3.3  THIXOTROPIC  BLENDS 

By  using  a  similar  approach  to  the  sublimable  matrix  system,  the  powdered  Infrared  screening 
material  may  be  added  to  a  high  vapor  pressure  liquid  containing  a  thixotropic  material.  The  liquid's 
effect  on  the  material  is  to  allow  a  higher  packing  density  (thus  making  the  proposed  dissemination 
system  more  efficient  per  unit  volume). 

Two  pyrotechnic  systems  are  then  added  to  the  design,  a  pyrotechnical ly  activated  valve  to 
begin  dissemination  of  the  screening  material,  and  a  pyrotechnic  heat  source  to  continue  the 
dissemination  at  the  desired  rate.  The  heat  source  Is  necessary  due  to  the  cooling  effect  of  the 
rapidly  escaping  gases  of  the  earlier  liquid. 

Currently,  a  contract  is  being  negotiated  with  The  Energy  and  Minerals  Research  Corporation  by 
Chemical  Systems  Laboratory  in  an  effort  to  explore  the  feasibility  of  this  proposed  infrared 
screening  mechanism. 

3.4  THE  WHIRLWIND  DEVICE 

The  whirlwind  device  was  the  result  of  eaily  exploratory  efforts  of  Chemical  Systems  Laboratory 
to  design  a  screening  mechanism  which  was  more  efficient  than  any  previously  mentioned  design. 
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The  device  consisted  of  two  compartments,  the  Infrared  screening  agent  chamber,  and  the 
pyrotechnic  gas  source  chamber.  While  the  actual  workings  of  the  device  was  a  difficult  task,  the 
theoretical  functioning  of  the  device  was  simple.  The  screening  agent  was  compacted  Into  short 
cylinders  with  a  non-solvent  liquid  and  allowed  to  thoroughly  dry.  Several  of  these  cylinders  (each 
had  a  hole  running  through  the  length  of  it)  were  placed  Into  the  agent  compartment  of  the  device. 
The  center  hole  of  the  cylinders  allowed  them  to  slip  over  a  hollow  tube  which  had  a  fine  male 
thread  on  Its  outer  surface.  The  upper  end  of  this  tube  went  through  the  top  of  the  compartment 
where  it  joined  a  "t"  shaped  tube  which  was  curved  slightly.  This  curve  was  to  allow  the  escaping 
gases  from  the  pyrotechnic  gas  source  to  Impart  a  rotating  force  to  the  tube.  The  lower  end  of  the 
tube  had  a  cutting  blade  fixed  to  It.  As  the  pyrotechnic  gas  source  burned,  the  escaping  gases  were 
vented  Into  the  center  of  the  agent  chamber,  causing  a  low  pressure  area  at  the  base  of  the  tube  where 
the  cutter  blade  was  located.  The  gases  continued  up  the  tube  and  escaped  from  the  device  through 
the  curved  "t"  tubing.  This  rotated  the  cutter  blade,  which  scraped  some  of  the  Infrared  screening 
agent  from  the  block  of  the  material.  The  scrapings  were  attracted  to  the  low  pressure  areas  at  the 
center  of  the  device  and  carried  with  the  escaping  gases  out  the  curved  "t"  tubing.  This  action 
continued  until  Doth  the  infrared  screening  agent  and  the  pyrotechnic  were  expended. 

Yes,  It  Is  difficult  to  believe  this  device  does  work,  but  several  tests  of  this  device  with 
actual  infrared  screening  material  has  shown  It  to  be  effective  In  both  the  visible  and  Infrared 
wavelengths. 


4.  SUMMARY 


In  comparing  these  mechanisms  with  each  other  and  in  examining  their  application  to  the  develop¬ 
ment  of  an  Infrared  screening  smoke  pot,  careful  consideration  must  be  given  before  a  logical  choice 
can  be  made.  Perhaps  before  any  firm  requirements  can  be  agreed  upon  for  the  performance 
characteristics  of  this  smoke  pot,  a  retrospective  look  should  be  made  at  the  existing  visual  pot, 

Its  design,  Its  functioning,  and  the  doctrine  associated  with  its  use.  Only  then  can  the 
applicat'on  of  these  mechanisms  be  evaluated  for  the  design  of  an  Infared  smoke  pot. 
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ABSTRACT 

1.  INTRODUCTION 

Helicopters  are  particularly  vulnerable  to  radar-directed  gunfire.  Chaff,  which  Is  aluminum 
or  aluminized  glass  fibers,  has  long  been  used  to  defeat  radar.  A  number  of  chaff  delivery  and 
dispensing  systems  have  been  developed  to  disperse  the  material  In  the  air. 

To  escape  radar  detection,  helicopter  tactics  dictate  flying  nap-of-the  earth  (NOE),  but  to 
acquire  and  destroy  targets  with  the  tube- launched,  optically-tracked,  wire-guided  (TOW)  missile 
or  other  weapons  requires  the  helicopters  to  rise  above  NOE  for  30  or  more  seconds.  This 
approximate  period  of  time  Is  all  that  is  required  for  enemy  radar  acquisition  and  gun  direction 
to  destroy  the  helicopter. 

If  a  number  of  radar  targets  having  approximately  the  same  radar  cross  section  (RCS),  or  scope 
Image,  were  to  appear  on  the  scope,  each  would  have  to  be  examined  for  several  seconds  before  the 
radar  operator  chooses  one  of  them  for  the  target,  thereby  giving  the  helicopter  pilot  more  time  to 
perform  his  task  and  render  him  less  vulnerable  to  enemy  fir.  .  Hence,  this  Is  our  Interest  In  a 
decoy  chaff  warhead.  The  objective  of  this  Investigation,  therefore,  is  to  develop  the  technology 
required  to'provlde  a  multistage  decoy  chaff  warhead. 

2.  DESIGN  CONCEPT 

The  round  selected  for  the  decoy  chaff  Investigation  was  the  2.75  Inch  warhead  with  the  MK  49 
MOD  3  rocket  motor. 

Previous  tests  of  a  fully  loaded  chaff  2.75  Inch  warhead  at  White  Sands  Missile  Range  Indicated 
that  It  had  an  RCS  value  several  times  that  of  a  helicopter.  If  this  payload  could  be  dispersed  in 
several  separate  Increments  along  the  missile  flight  path,  each  would  provide  an  RCS  approximately 
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equal  to  that  of  a  UH-1  or  AH-1  series  helicopter.  The  design  concept  and  feasibility  investigation 
was  directed  to  this  end. 


3.  HARDWARE  DESIGN  (FIGURE  1) 

The  chaff  cassettes  evolved  to  a  cylindrical  shape  and  are  made  or  frangible  acrylic  material. 

The  warhead  base  and  nose  cone  are  modified  components  from  the  M259  smoke  warhead  The  fuze  Is 
a  modified  EDU4A/A  motor  burnout  fuze  from  the  advanced  development  of  the  M2E9.  The  delay  burster 
body  is  likewise  a  component  of  the  early  development  of  the  M2S9.  The  beams  and  bulkheads  are  made 
of  carbon  steel  assembled  together  with  rollpins.  These  burster  assemblies  do  not  meet  the  fielding 
requirements  of  MIL-STD-1316,and  additional  development  is  required  In  this  area. 

Flight  stability  of  the  rocket  with  incremental  dispersion  of  the  chaff  cassettes  was  considered 
to  be  a  major  problem.  Not  only  does  the  center  of  gravity  change,  but  also  aerodynamic  streamlining 
of  the  smooth  cylinder  is  adversely  affected  as  segments  are  blown  away.  In  discussions  with 
aerodynamic  personnel,  it  was  concluded  that  the  best  chance  of  success  was  to  detonate  cassettes 
in  increments  from  rear  tc  front.  The  warhead  is  designed,  therefore,  to  function  in  this  manner. 

The  modified  WDU4A/A  fuze  functions  1  1/2  seconds  after  launch,  400  meters  downrange.  This 
Ignites  the  first  burster  assembly  which  functions  0.150  second  later,  expelling  the  aft  cassette 
and  igniting  the  delay  of  the  second  burster  assembly.  One  and  one-half  seconds  later,  the  second 
cassette  is  expelled  and  the  third  burster  assembly  delay  is  ignited,  and  so  on.  For  sequences  of 
five  dispersing  events, 0.150  second  delay  elements  were  used. 

In  several  static  tests,  the  function  of  one  burster  igniting  the  delay  of  the  adjacent  burster 
assembly  was  successfully  demonstrated.  In  several  tests  conducted  thus  far,  red  or  white  talc  has 
been  used  In  place  of  chaff  since  It  is  considerably  more  visible,  more  available,  and  much  less 
expensive. 

The  delay  burster  assemblies  consist  of  an  aluminum  body  with  a  pyrotechnic  delay  to  provide 
a  0.150  and  a  1.50  second  delay  after  Ignition.  When  the  1.50  second  delay  column  has  burned  through, 
it  Ignites  a  MK  37  heat-sensitive  detonator  or  150  mg  of  lead  azide  which  in  turn  detonates  5  1/2 
inches  of  25  grain/foot  prlmacord.  (These  burster  assemblies  do  not  meet  the  fielding  requirements 
of  MIL- STD- 1316  and  additional  development  Is  required  in  this  area).  The  prlmacord  Is  placed  inside 
a  rubber  tube  which  acts  to  suppress  the  flash,  but  not  the  detonating  force.  past  experience  has 
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shown  that  the  flash  melts  and  bonds  the  mylar  wrappirg  surrounding  the  chaff  cylindrical  modules, 
thereby  preventing  them  from  dispersing  the  chaff  fibers.  The  blast  fragments  the  plastic  modules 
and  expels  the  chaff  into  the  airstream. 


4.  TESTS  (FIGURES  2,  3) 

All  of  the  rounds  fired  demonstrated  stable  flight  characteristics.  Utilizing  1.5  second 
sequence  spacing, it  has  been  demonstrated  that  dispersion  can  take  place  for  a  period  of  three 
seconds  after  rocket  motor  burnout  and  over  a  range  of  500  meters  to  1500  meters  from  the  point  of 
launch.  Utilizing  .15  second  delays,  five  sequential  dispersions  have  been  made  starting  at  a  range 
of  about  500  meters  and  producing  a  cloud  every  75  meters. 

5.  CONCLUSION 


The  effort  to  date  has  successfully  demonstrated  that  explosive  dissemination  of  sequential 
partial  payloads  is  feasible. during  rocket  free  flight  without  producing  unstable  flight.  This 
concept  has  potential  application  for  producing  multiple  chaff  decoy  clouds  from  a  single  warhead 
or  providing  a  means  of  explosively  distributing  a  payload  over  a  significant  portion  of  a  rocket 
fl Ight. 
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ABSTRACT 

Laser  semi-active  missile  systems,  a  class  of  precision  guided  weapons,  are  utilized  In  ter¬ 
minal  homing  guidance  applications.  However,  clutter  signals  due  to  atmospheric  and  aerosol 
backscatter  degrade  performance  In  both  detection  and  guidance.  This  paper  presents  new  clutter  rejec¬ 
tion  techniques  which  Improve  system  performance.  Differences  between  target,  and  clutter  returns  are 
investigated.  On  this  basis  two  types  of  discrimination  techniques  are  developed  and  evaluated.  The 
first  technique  combines  FFT  processing,  inverse  filtering  and  adaptive  detection.  In  the  second 
technique,  the  digital  filtering  Is  performed  In  the  time  domain.  The  techniques  have  been  applied  to 
realistic  data  resulting  in  an  Improvement  greater  than  10  dB  In  slgnal-to-clutter  ratio. 

1.  INTRODUCTION 

In  military  applications,  lasers  offer  advantages  In  pointing,  tracking,  bandwidth,  immunity  to 
electrical  interference,  etc.  One  such  application  is  found  by  utilizing  a  well  collimated  laser  beam 
to  designate  or  illuminate  a  remote  target.  Radiation  is  reflected  from  the  target  such  that  a 
receiver /seeker  intercepting  the  radiation  can  determine  the  guidance  signals  required  to  terminally 
home  on  the  target.  This  type  of  system  Is  called  laser  semi-active  (LSA)  terminal  homing  and  consti¬ 
tutes  one  of  several  laser  systems  ' i  the  class  of  precision  guided  weapons. 

System  performance  can  be  degraded  by  the  transmitted  pulse  Interacting  with  several  elements 
in  a  tactical  scenario,  such  as  atmosphere,  battlefield  aerosols  and  backgrounds.  These  interactions 
produce  backscatter  signals  (clutter)  that  can  be  detected  as  real  targets  or  interfere  with  the  detec¬ 
tion  of  the  real  target  signal.  It  Is  desired  to  reject  or  reduce  the  clutter  signals  to  improve 
system  performance.  This  paper  addresses  the  phosphorus  aerosol  backscatter  clutter  problem. 
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Coirmon  techniques  used  In  tne  detection  and  discrimination  process  are  based  on  peak  power  and 
relative  time  separation  of  target  and  clutter  returns.  Problems  using  these  techniques  can  occur  In 
realistic  battlefield  scenarios. 

There  are  several  other  parameters  that  might  be  used  in  discriminating  between  target  and 
clutter  returns.  Processing  these  parameters  Involve  single  pulses  or  a  sequence  of  pulses.  Possible 
factors  In  using  single  pulse  processing  are  doppler  effects,  polarization  effects,  and  pulse 
structure.  When  a  coherent  laser  pulse  Is  radiated  to  and  reflected  from  a  target,  the  radial  velocity 
of  the  target  can  be  determined  by  finding  the  frequency  change  In  the  return  signal.  This  change  In 
frequency  Is  called  doppler  shift.  The  Information  contained  In  the  doppler  shift  can  be  easily  used 
to  separate  stationary  clutter  returns  from  moving  targets.  When  aerosols  are  introduced  between  laser 
and  target,  doppler  shifts  associated  with  the  overall  cloud  movement  and  the  individual  particle  move* 
ment  will  also  be  present.  The  measurement  and  resolution  of  the  particle  doppler  shift  Is  beyond  the 
state-of-the-art  In  Instrumentation.  Since  aerosol  cloud  velocities  are  of  the  same  order  as  expected 
vehicle  velocities,  separation  of  the  two  sources  would  be  roost  difficult.  This,  coupled  with  a 
requirement  for  coherent  sources  and  heterodyne  receivers,  makes  this  technique  seem  less  promising. 

It  has  been  shown  (1)  that  certain  aerosols  modify  Incident  laser  pulse  polarization  dif¬ 
ferently  than  do  solid,  manmade  targets.  The  work  primarily  Involves  atmospheric  cloud  and  linear 
polarization.  Results  show  that  linearly  polarized  laser  radiation  Incident  to  thin  atmospheric  clouds 
produce  scattered  radiation  that  Is  linearly  polarized  the  same  as  the  Incident  wave.  The  radiation 
reflected  from  rough  surfaces  Is  nearly  depolarized.  In  principle,  the  polarization  component  of  the 
return  signal  orthogonal  to  that  of  the  transmitted  signal  represents  the  turget.  All  other  components, 
due  to  cloud  scattering  and  target,  are  rejected  or  eliminated  by  the  receiver /analyzer.  This  tech¬ 
nique  has  serious  problems  when  dense  aerosols  are  encountered  since  multiple  scattering  tends  to  depo¬ 
larize  the  incident  signal.  Then,  for  battlefield  aerosols,  polarization  detection  and  discrimination 
does  not  appear  to  provide  the  Improvement  desired. 

Significant  differences  have  been  shown  12J  to  exist  In  the  time  structure  of  laser  pulses 
returned  from  aerosols  and  targets.  Included  In  these  differences  are  pulse  width,  pulse  rise  and  fall 
times,  pulse  modulation,  and  pulse  amplitude.  Spatial  characteristics  of  battlefield  aerosols  are  such 
that  signal  returns  due  to  narrow  Input  pulse  widths  are  stretched  In  time.  This  Is  brought  about  by 
single  and  multiple  scattering  a?  the  narrow  pulse  propagates  through  the  aerosol.  Since  the 
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transmitted  pulse  Is  not  stretched  In  the  forward  direction,  the  target  reflected  signal  Is  still  a 
narrow  pulse.  Typical  pulse  shapes  are  shown  In  Figures  1  and  1  for  aerosol  and  target  returns.  Pulse 
widths  measured  in  SMOKE  WEEK  1  and  11  showed  that  those  due  to  aerosols  were  an  order  of  magnitude 
larger  than  target  returns.  Further  verification  of  these  widths  have  been  made  after  this  experiment 
and  circuitry  were  Implement  to  take  advantage  of  these  expected  differences. 

In  many  Instances,  the  aerosol  return  1$  amplitude  modulated  with  complex  structure  making 
pulse  width  discrimination  Ineffective.  The  nature  of  the  modulation  structure  1$  determined  by  the 
non-uniformity  of  concentration  along  the  propagation  path.  In  addition,  the  target  return  may  be 
superimposed  on  the  aerosol  return  rendering  pulse  width  discrimination  of  little  use.  It  Is  now  pro¬ 
posed  that  the  entire  pulse  structure  be  utilized  to  Improve  discrimination  and  target  detection.  This 
concept  Is  Investigated  and  signal  processing  algorithms  are  developed. 


2.  SIGNAL  PROCESSOR 

Two  signal  processing  techniques  corresponding  to  the  block  diagram  In  Figures  3  and  4  have 
been  developed  and  are  Incorporated  as  options  In  a  computer  program  called  "Processor."  Mechanics  of 
this  program  are  found  In  £2j.  The  Input  signal  Includes  target  or  clutter  pulses  generated  by  a  Monte 
Carlo  simulation.  The  processor  shown  In  Figure  3  operates  In  the  frequency  domain  and  Includes 
options  for  power  spectral  analysis  and  normalization.  Slgnal-to-clutter  Improvement  Is  Investigated 
for  Inverse  filtering  with  an  optional  receiver  transfer  function.  The  detection  process  Is  studied 
utilizing  an  adaptive  technique  based  on  frequency  content. 

The  processor  shown  In  Figure  4  operates  In  the  time  domain  using  digital  recursive 
and  nor.-. ^cursive  filters.  Then  the  filtered  pulse  Is  transformed  to  the  frequency  domain  by  FFT  pro¬ 
cessing  for  evaluation  and  In  preparation  for  adaptive  detection.  As  before,  receiver  transfer  func¬ 
tions  and  normalization  are  optional. 


3.  INVERSE  FILTERING 

If  characteristics  of  the  clutter  signal  are  known,  Inverse  filtering  can  be  used  to  eliminate 
or  reduce  the  clutter  signal.  It  Is  difficult  to  predict  the  clutter  pulse  structure  In  the  time 
domain;  however,  it  has  been  shown  In  |2J  that  clutter  In  the  frequency  domain  Is  well  behaved 
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and  shows  consistent  trends  from  pulse  to  pulse.  This  result  points  strongly  to  Inverse  filtering  for 
separating  target  and  clutter  signals.  Three  Inverse  filters  were  considered. 

The  frequency  response  of  the  ideal  Inverse  filter  G(w)  is  given  by 


where  S(w),  in  this  case,  represents  clutter  In  the  transform  domain.  This  means  that  the  impulse 
response  of  the  clutter  must  be  known  a  priori.  Problems  In  applying  this  arises  when  the  clutter 
signal  reduces  to  zero.  Then,  the  filter  cannot  be  implemented.  Remedies  for  this  have  been  sought  by 
placing  certain  restraints  on  the  nature  of  the  input  signal.  When  the  clutter  signal  power  is  assumed 
to  be  additive  and  the  target  signal  power  constant,  it  has  been  shown  (3)  that  the  optimum  Inverse 
filter  is  described  by 


G(u>)2 


hy 2 

I  lH  2 


where  |  £(<d|  2  Is  the  clutter  power  spectrum,  |  L(<o]j  2  is  the  target  power  spectrum  and  Kj  a  propor¬ 
tionality  constant,  This  filter  was  Implemented  yielding  very  poor  results.  The  primary  problem  with 
this  method  is  the  large  variation  encountered  In  target  signal  power. 


Another  optimum  linear  shift-invariant  filter  has  been  designed  to  restore  a  degraded  signal 

with  the  least  mean-square-error.  It  has  been  shown  J4J  that  for  statistically  uncorrelated  signal  and 

clutter,  the  optimum  filter  frequency  response  is  given  by 
* 

Q(a,)  .  . 

|  H(co)|  2  L(w)  L*  (cj)  *  E(w)  E*(o>) 


where  H(w)  Is  the  receiver  transfer  function  and  *  denotes  complex  conjugate.  Since  phase  information 
has  not  been  retained  In  previous  detection  and  processing,  the  above  Inverse  filter  transfer  function 
reduces  to 


G(oj) 


|  «(w)  | 

I  E(«j  2 

IM 2 


This  formula  has  been  implemented  into  the  filter  section  shown  in  Figure  3  and  the  Processor  program 
71  a  described  in 
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Since  some  degree  of  statistical  correlation  exists  between  target  and  clutter  signals  the 
filter  cannot  be  considered  optimum.  However,  significant  Improvement  In  slgnal-to-clutter  ratios  will 
rer  It. 


The  clutter  power  spectrum  shown  In  Figure  5  has  been  found  to  be  typical  and  is  used  to  com¬ 
pute  the  inverse  filter  transfer  function  shown  In  Figure  6. 

Slgnal-to-Clutter  Improvement 

The  power  spectrum  has  been  .elected  for  evaluating  target  slgnal-to-clutter  Improvement.  This 
Is  first  accomplished  by  comparing  the  total  power  In  each  signal.  Until  now,  the  signals  being  treated 
have  represented  optical  Intensity  or  optical  power  density  (Irradlance).  After  detection,  the  signals 
are  actually  electrical  and  should  be  considered  as  such  In  further  processing.  However,  since  discri¬ 
mination  and  detection  decisions  are  based  on  relative  comparisons,  neither  units  nor  scales  are 
Important.  Therefore,  all  tabulated  power  spectra  values  have  been  multiplied  by  1014  for  convenience. 

Execution  of  the  Inverse  filter  with  a  typical  target  signal  and  receiver  transfer  function 
yields  the  spectrum  shown  In  Figure  7.  A  typical  clutter  signal  pulse  (C49  In  ref  (21)  was  processed 
through  the  Inverse  filter  resulting  In  the  power  spectrum  Shown  In  Figure  8.  The  receiver  transfer 
function  was  also  Included  In  the  computation. 

To  determine  slgnal-to-clutter  Improvement  attained  by  the  inverse  filtering  process,  a  base¬ 
line  of  slgnal-to-clutter  ratios  before  filtering  was  developed.  The  Processor  program  was  used  to 
compute  the  total  power  within  the  spectrum  for  several  cases  with  the  results  given  In  Table  1.  All 
computations  were  run  with  and  without  the  receiver  transfer  function.  This,  In  effect,  shows  the  dif¬ 
ference  between  using  unlimited  bandwidth  and  the  relatively  narrow  bandwidth  determined  for  the 
receiver.  Then,  slgnal-to-clutter  ratios  are  determined  and  presented  In  Table  2.  Notice  that  there 
are  some  cases  where  extra  bandwidth  does  not  provide  an  advantage.  The  Improvement  shown  was  deter¬ 
mined  by  simply  taking  the  ratio  of  the  results  of  "without"  to  "with  filter."  In  all  cases,  the 
Inverse  filtering  significantly  improved  slgnal-to-clutter  ratios.  Maximum  improvements  of  5.6  d3  and 
8.3  dB  were  attained  with  and  without  the  receiver  transfer  function,  respectively.  Further  Improve¬ 
ment  In  performance  will  be  attained  by  combining  this  Inverse  filter  with  the  adaptive  detection  tech¬ 
nique  discussed  In  Section  5. 


4.  DIGITAL  FILTERING 

Digital  techniques  are  useful  In  studying  linear  systems  In  both  time  and  frequency  domains. 
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The  Initial  filtering  Is  performed  In  the  time  domain,  but  processing  and  evaluating  resultant  outputs 
are  performed  In  the  frequency  domain  as  Indicated  In  Figure  4. 

The  first  digital  filter  studied  here  Is  adapted  from  14J.  It  Is  a  recursive  filter  with  two 
feedback  loops  and  a  single  delay  element  as  shown  In  Figure  9.  The  transfer  function  Is  given  by 


where  z*l  Is  the  unit  delay  operator.  This  corresponds  to  the  difference  equation 
y(nT)  s  x(nT)  -  x(nT  -  T)  +  ky  (nT  -  T), 

which  has  been  Implemented  In  :he  Processor  program  with  a  sampling  Interval  equal  to  1.4  nanoseconds. 
The  feedback  parameter  k».8  was  selected  based  on  an  optimization  analysis  which  Includes  digital 
filtering  and  adaptive  detection.  Sample  target  and  clutter  power  spectral  returns  are  shown  In 
Figure  10  and  Figure  11  after  being  modified  by  the  double  loop  single  delay  (DLSD)  filter.  Notice 
that  low  frequency  power  spectra  are  attenuated  and  high  frequencies  are  emphasized. 

Signal  power  after  processing  with  the  DLSD  filter  Is  given  in  Table  3  for  a  typical  target 
return  and  for  several  clutter  returns.  The  values  before  filtering  are  also  Included.  Values  from 
these  tables  were  used  to  determine  slgnal-to-clutter  ratios  and  Improvement  factors  with  and  without 
a  receiver  transfer  function  and  presented  In  Table  4.  Note  that  the  Improvement  can  reach  10  dB. 
Values  In  the  table  also  show  that  by  extending  receiver  bandwidth  (  |  •  1)  further  Improvement  Is 

attained. 


5.  ADAPTIVE  DETECTION 

Significant  Improvement  In  slgnal-to-nolse  ratio  has  been  attained  using  an  Inverse  or  a  DLSD 
filter.  Yet  this  Is  not  sufficient  and  a  simple  threshold  detection  will  produce  too  many  errors. 
Therefore,  an  adaptive  detection  technique,  operating  In  the  frequency  domain,  was  developed  to  use  In 
combination  with  filtering  as  shown  In  Figure  8-10.  The  discrimination  between  target  and  clutter  Is 
made  or  the  basis  of  relative  power  distribution  between  low  and  high  frequencies.  Let  fc  be  the 
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cutoff  frequency  dividing  the  spectrum  bandwidth  Into  low  and  high  frequencies.  Then  the  ratio  of  low 
frequency  to  high  frequency  power  Is  significantly  greater  for  clutter  than  for  target  pulses.  This 
ratio  varies  randomly  from  pulse  to  pulse.  However,  If  fc  Is  selected  properly,  based  on  typical 
pulses,  the  ratio  will  be  almost  always  greater  than  one  for  clutter  alone  and  less  than  one  for  target 
alone  or  target  plus  clutter. 

An  acceptable  discrimination  technique  should  nearly  always  produce  target  decisions  when  only 
target  signals  are  Input.  It  should  also  reject  clutter  when  only  clutter  Is  present.  When  both  are 
present,  target  decisions  should  nearly  always  be  produced.  The  decision  and  cutoff  frequency  are 
determined  by  Iterative  executions  of  the  Adaptive  Detection  subroutine  of  the  Processor  program. 
Peformance  of  the  adaptive  detector  was  evaluated  without  and  with  the  pref llterlng. 


Detection  Without  Prefllterlng 


The  analysis  was  performed  twice  for  the  same  sample  set  of  pulses;  first  the  receiver 
transfer  function  is  Included,  then  It  Is  neglected  In  the  analysis.  In  both  cases  several  cutoff  fre 
quencles  were  tried. 


Results  of  this  analysis  with  receiver  transfer  function  are  given  In  Table  '-olumns 

titled  "Threshold"  contain  values  that  result  from  the  low  frequency  Integration  spectrum 

for  a  particular  pulse.  The  columns  with  title  “Signal"  contain  values  that  represv.  lgh  fre¬ 

quency  portion  of  the  power  spectrum.  For  target  signals,  the  high  frequency  values  unde.  Signal" 
must  be  larger  than  the  lower  frequency  values  under  "Threshold"  for  the  correct  decision  to  be  made. 
However,  If  the  Input  Is  a  clutter  pulse,  the  correct  decision  Is  made  when  pulses  under  "Threshold" 
columns  are  larger  than  values  under  "Signal"  columns.  The  box  around  the  power  value  Indicates  that 
the  detection  process  works  satisfactorily  for  the  selected  Input  pulse  and  cutoff  frequency.  Thus, 
the  table  shows  that  the  adaptive  detection  process  works  well  for  target  alone  and  clutter  alone. 


The  same  type  of  analysis  Is  performed  on  target  plus  clutter  pulses  with  the  results  given  In 
the  bottom  portion  of  the  clutter  row.  The  values  In  the  columns  Indicate  that  the  target  Is  not 
detected.  Therefore,  overall  results  show  that  the  adaptive  technique  does  not  work  well  for  the  con¬ 
ditions  stated  (l.e.,  without  filtering  and  with  receiver  transfer  function).  Even  In  the  case  of 
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target  alone,  detection  does  not  occur  If  the  cutoff  frequency  Is  Increased  to  3.5  mhz.  This  Is  because 
a  large  portion  of  the  high  frequencies  Is  being  attenuated  by  the  receiver  transfer  function.  Reduced 
bandwidth  affects  the  target  signals  more  than  the  clutter  signals. 

Results  of  the  same  analysis  but  without  the  receiver  transfer  function  are  shown  In  Table  6. 
Note  that  the  decision  process  again  works  well  for  target  and  clutter  signal  taken  separately.  But, 

It  also  works  very  well  with  target  and  clutter  signals  In  combination.  Thus,  the  larger  bandwidth  has 
Improved  the  detection  performance.  The  only  condition  that  did  not  provide  the  correct  decision  was 
target  with  clutter  pulse  C50.  This  Is  because  clutter  pulse  C50  has  significantly  more  total  power 
than  does  the  target  pulse.  Excess  target  signal  using  the  adaptive  detection  technique  Is  shown  In 
the  last  column.  This  Is  determined  by  finding  the  amr jnt.x.that  the  target  signal  can  be  reduced  and 
still  produce  the  correct  decision.  The  limit  case  Is  given  by 

xTa  ♦  Cj  *  xTp  +  Cb 

where  Ta  and  Tb  represent  the  target  power  above  and  below  fc.  Slmllarlly,  the  clutter  power  Is 
divided  Into  Ca  and  Cb<  Given  Tfl,  Tfa,  C^,  and  Cb,  x  Is  easily  computed.  Alternately  one  can  say  that 
the  target  strength  could  be  reduced  by  (1-x)100  in  percent. 

Detection  with  Prefllterlnq 

In  this  section,  the  adaptive  detection  technique  Is  combined  either  with  Inverse  filtering  or 
with  loop  delay  filtering.  In  both  cases,  the  simulation  Includes  the  receiver  transfer  function. 
Results  for  the  combination  of  Inverse  filtering  and  adaptive  detection  are  shown  In  Table  7  for  two 
frequency  cutoffs.  For  a  cutoff  frequency  of  3.5  mhz  all  decisions  are  shown  to  be  correct  as  Indi¬ 
cated  by  the  boxes  around  the  power  values.  The  last  column  Indicates  that  correct  decisions  could  be 
made  even  If  the  target  signals  were  reduced  from  40%  to  961.  Thus,  outcomes  using  Inverse  filtering 
provide  true  decisions  for  all  sample  cases  treated  and  would  also  be  correct  with  significant  reduc¬ 
tions  In  target  signal  levels.  Of  course.  If  the  receiver  bandwidth  were  Increased,  the  performance 
would  be  even  better. 

Before  evaluating  the  combination  of  DLSD  filter  and  adaptive  threshold  detection,  the  best 
value  for  the  feedback  factor  k  must  be  determined.  This  was  accomplished  by  selecting  values  for  k 
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between  .5  and  .98  and  then  performing  the  decision  process  for  several  target  and  clutter  pulses.  An 
example  of  the  results  are  shown  In  Table  8  for  one  clutter  pulse.  The  boxed  In  values  show  that  k«.8 
Is  optimum  for  the  selected  set  of  clutter  and  target  pulses. 

Target  and  clutter  pulses  were  processed  after  DLSD  filtering  yielding  results  shown  in  Table 
9.  Note  that  all  decisions  are  correct  for  target  and  clutter  signals  alone  as  Indicated  by  the  boxed 
In  power  values.  This  combination  also  produces  good  results  for  target  plus  clutter  except  for  the 
clutter  pulse  C50.  The  last  column  of  Table  9  Indicates  that  the  target  signal  power  can  be  reduced 
significantly  and  still  provide  the  correct  decision.  Near  equal  performance  Is  attained  for  both  cut¬ 
off  frequencies  used.  It  Is  expected  that  by  Increasing  the  receiver  bandwidth,  target  signal  would  be 
Increased  sufficiently  over  clutter  signal  to  Improve  the  detection  process.  The  results  given  repre¬ 
sent  significant  Improvement  over  the  results  without  prefiltering  given  In  Table  5. 

6.  CONCLUSIONS 

The  signal-to-clutter  ratio  can  be  improved  using  an  Inverse  filter  or  a  loop  delay  filter. 

In  fact.  Inverse  filtering  alone  produces  a  significant  Improvement  In  detection.  An  adaptive  detec¬ 
tion  processing  technique  was  also  analyzed.  8ecause  of  the  bandwidth  limiting  effects  of  the 
receiver,  the  adaptive  technique  must  be  used  In  combination  with  Inverse  filtering.  Using  this 
combination,  no  detection  errors  occured  for  all  pulses  considered. 
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Table  1.  Total  Power  Signals  With  and  Without  Inverse  Filtering 


Inverse  Filter 


No  Filter 


Case/Power 


T49 

C49 

C50 

C51 

C52 

C53 

C54 


W/Xfer 

W/0  Xfer 

w/Xfer 

W/0  Xfer 

.407 

1.03 

1.34 

3.52 

.094 

.153 

1.35 

1.53 

.476 

.71 

6.7 

6.8 

.14 

.197 

2.13 

4.51 

.248 

.402 

2.62 

5.69 

.040 

.068 

.575 

1.25 

.204 

.281 

1.67 

3.59 

Table  2.  Slgnal-to-Clutter  Analysis  Using  Inverse  Filtering 


Clutter 

Kfiftnua 

KfiiKnira 

W/Xfer 

W/o  Xfer 

W/Xfer 

W/o  Xfer 

W/Xfer 

W/o  Xfer 

C49 

1.13 

2.3 

4.34 

6.7 

3.84 

2.91 

C50 

.26 

.52 

.855 

1.45 

3.29 

2.79 

C51 

.81 

.78 

2.91 

5.23 

3.59 

6.71 

C52 

.66 

.62 

1.64 

2.56 

2.48 

4.13 

C53 

3.02 

2.8 

10.3 

15.2 

3.41 

5.43 

C54 

1.03 

.98 

2.0 

3.67 

1.94 

3.74 
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Table  3.  Total  Power  Signals  with  and  without  Double  Loop  Single 
Oelay  Filter 


DL$D  Miter 

- No  Filter  1 

Case 

W/Xfer 

w/o  Xfer 

W/Xfer 

W/o  Xfer 

T49 

.76 

3.16 

1.34 

3.52 

C49 

.13 

.34 

1.35 

1.53 

C50 

.83 

1.4 

6.7 

6.8 

C51 

.23 

.42 

2.13 

4.51 

C52 

.38 

.73 

2.62 

5.69 

C53 

.05 

.15 

.575 

1.25 

C54 

.28 

.44 

1.67 

3.59 

Table  4.  Slgnal-to-Clutter  Analysis  Using  Double  Loop  Single 
Delay  Filter,  K».8 


No  Filter 

- 5156  Filter I 

Improvement  j 

S/C  Ratio 
W/Xfer 

S/C  Ratio 
W/o  Xfer 

S/C  Rat1< 
W/Xfer 

S/LRatio 
W/o  Xfer 

S7l  Ratio] 
W/Xfer 

S/C  Rat  1c 
W/o  Xfer 

Clutter 

C49 

1.13 

2.3 

5.9 

9.4 

5.18 

4.09 

C50 

.26 

.52 

.92 

2.3 

3.54 

4.42 

C51 

.81 

.78 

3.3 

7.5 

4.07 

9.62 

C52 

.66 

.62 

2.0 

4.4 

3,03 

7.10 

C53 

3.02 

2.8 

15.2 

21.5 

5.03 

7.68 

C54 

1.03 

.98 

2.7 

7.3 

2.62 

7.45 
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Table  7.  Adaptive  Detection  Analysis  with  Receiver  and 
Inverse  Filter 


Source/Freg  Cutoff 


Target 


C49 


.16/84 


ill  mu  il 


.04/96  1  .04/96 


.11/89 


Table  8.  Loop  Oelay  Filter  Feedback  Factor  k  Determination 
(With  Receiver  Transfer  Function) 


(T= 

3.0 

Target 

.402 

C49 

um 

TS.C1 

1.09 

Target 

1  ?56| 

C49 

.054 

T&C  1 

.806 

HRESHOID 


402  .532  .366  1  .509  .153  .243 


.  3b7  | 

.73  I  .88 


fT064 1  1, 066 1 

.22  .31 


mm 


ran 


.054  .052  .059  .059  .063  .062 

.806  .68  |  .83  |  .69  [~.67  |  .59) 
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Table  9.  Adaptive  Detection  Analysis  After  Loop  Delay  Filtering 
(With  Receiver  Transfer  Function,  k*.8) 


Threshold 

Siqnal 

-  i 

Source/Freq  Cutoff 

UBPHiOTCZiai 

Kd2!UB 

K)H 

liQH 

FIE^H 

eh 

rm 

Target 

m 

IESSI 

ISSSS 

C49 

HC1 

1531 

fssi 

.18/82 

.17/83 

C50 

TtCl 

ii 

um 

1.32 

mm 

.244 

.767 

None 

None 

C51 

TtC 

VESI 

1S51 

.83/17 

C52 

TiCl 

i®Hi 

Ft’ji 

B 

in 

C53 

TiCl 

1531 

?53l 

!BB 

.01/99 

C54 

TtCl 

UH] 

.53 

s 

1531 

ml 

■ 

.25/75 
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9.9K-9I 

liHHl 


7.999- 91 
fl 

0 

D  9.999-91 

u 

J  9.999-91 

6 

4.999- 91 

I.M'II 


1.999-91 


1.999-91 


9. 

t.W  9.79  *  Ml  Il.««  M.M  IT.  14  99.91  99.19  U.tt  D.H 

FREQUENCY  (MHZ) 

Moure  f.  Inverse  Filter  Transfer  Function 


T 

0 

T 

A 

l 

fl 

0 

0 

u 

l 

u 

• 

8 

0 

u 

A 

fl 

E 


i.iii*ii 

1.999- 19 

9.919*17 

T,m-i7 

9.991-17 

9.979*17 

4. 499-17 

9*949-17 

9.999- 17 

I. 119-17 

9. 


MCOUCNOV  (MH/ ) 

Flqure  7.  Target  Power  Spectrum  With  receiver  and  Inverse  Miter 
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MtaUEHCV  (Hit?) 

Figure  10.  Power  Snectrum  of  Target  Pulse  After  DlSD  Mitering 


UNCLASSIFIED 


C-11 


UNCLASSIFIED 


h 


Figure  12.  Block  Diagram  of  the  Adaptive  Detection 
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Howard  E.  Weaver  and  George  0.  Mlnto 
Martin-Marietta  Corporation 
Orlando,  Florida  32885 

ABSTRACT 

This  presentation  Is  made  via  a  documentary  film  relating  the  story  of  how  smoke  tests  begin¬ 
ning  In  November  1978  with  the  COPPERHEAD  Semi-Active  laser  guided  projectile  led  to  a  series  of  seeker 
Improvements  which  were  proved  out  In  Smoke  Week  III  In  August  1980.  The  film  highlights  the  fact  that 
the  Initial  seeker  design  was  not  optimized  for  operation  on  a  dirty  battlefield,  but  through  a  series 
of  analyses  and  tests,  pulse  processing  logic  changes  wore  made  which  result  In  an  order  of  magnitude 
Improvement  In  the  ability  to  track  in  an  obscured  scene.  The  film  proceeds  In  a  step-by-step  manner 
to  describe  the  desired  night-sight  rule  of  thumb  for  determining  call  for  fire,  the  COPPERHEAD 
pulse  processing  techniques  In  the  Initial  design,  results  observed  during  tests  In  obscurants,  design 
changes,  test  results  with  the  changes,  and  final  rule  of  thui*  confirmation  In  SMOKE  WEEK  III.  Effects 
of  the  seeker  Improvements  on  clear  air  performance  will  also  be  covered.  The  film  makes  no  attempt 
to  discuss  tactics  relative  to  smoke  employment  by  the  enemy. 
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PHYSICAL  AND  CHEMICAL  CHARACTERIZATION  OF  SMOKE 
PRODUCED  FROM  WHITE  PHOSPHORUS /FELT  WEDGE 

W,  Bock,  R.  Butler,  S.  Katz,  N.  Rajendran  and  A.  Snelson 
IIT  Research  Institute 
Chicago,  Illinois 

ABSTRACT 

Laboratory  studies  have  bean  made  Co  characterize  physically  (particle  size)  and  chemically 
(composition)  the  smoke  produced  by  U.S.  Army  white  phosphorus/felt  wedge  munitions.  The  smokes  for 
particle  size  analyses  were  generated  at  relative  humidities  from  5%  to  75%.  Particle  size  was  deter¬ 
mined  at  *1  u  (mass  median  diameter)  independent  of  relative  humidities  >.10%.  Chemical  analyses  of 
smoke  aerosols  generated  at  relative  '.umidities  from  25%  to  75%  showed  no  obvious  dependence  on  the 
latter.  About  65%  of  the  phosphoru  i  in  the  aerosol  is  present  as  polyphosphoric  acids (K  jP  Oj  j ,  where 
n  -  1  to  8,  in  relative  abundance  (n  values)  2>1>3>4>5>6>7>8) .  The  remaining  =35%  of  the  aerosol 
phosphorus  appears  to  be  present  as  polyphosphoric  acids  with  n>8.  The  gas  phase  associated  with  the 
aerosol  was  analyzed  for  inorganic  and  organic  materials.  Both  types  of  species  were  found  at  low 
concentrations.  A  total  of  25  were  characterized. 

The  above  study  was  sponsored  by  the  U.S.  Army  Medical  Bioengineering  Research  and  Development 
Laboratory,  Fort  Detrick,  Maryland,  Mr.  Jesse  J.  3arkley,  Contract  Officer.  A  detailed  final  report  of 
this  work  will  be  available  shortly. 
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CHEMICAL  AND  PHYSICAL  CHARACTERIZATION  OF  A  DIESEL  FUEL  OBSCURANT 

- m  INHALATION  TWTO  STuOTFf - 

R.  A.  Jenkins,  R.  W.  Holmberg,  .1.  H.  Moneyhun,  and  J.  S.  Hike 
Analytical  Chemistry  Division 
Oak  Ridge  National  Laboratory 
Oak  Ridge,  Tennessee  37830 

1.  INTRODUCTION 

The  military  has  shown  a  renewed  Interest  In  the  use  of  smokes  and  obscurants  for  screening  pur¬ 
poses  In  warfare.  This,  coupled  with  present  day  concerns  for  environmental  and  occupational  exposure 
safety  has  prompted  the  Army  to  Investigate  the  risks  associated  with  passive  and/or  accidental  exposure 
to  these  smokes.  As  part  of  this  program,  the  Department  of  Defense  is  supporting  an  investigation  of 
the  Inhalation  toxicology  of  one  of  these  obscurants.  In  this  case,  the  smoke  Is  produced  by  diesel 
powered  vehicles  from  diesel  fuel  with  a  system  designated  by  the  acronym  VEESS  (Vehicle  Engine  Exhaust 
Smoke  System).  8r1efly,  the  sane  fuel  that  powers  the  vehicle  Is  pumped  Into  the  exhaust  manifold  Iixied- 
lately  downstream  of  the  engine.  The  fuel  vaporizes  and  the  vapors  are  carried  through  the  exhaust 
system  and  forcibly  ejected,  along  with  the  normal  exhaust  gases.  Into  the  air.  They  condense  to  form 
an  aerosol  cloud  which  Is  used  for  screening.  The  size  and  cost  of  a  large  vehicle,  such  as  a  tank,  as 
well  as  the  amount  of  aerosol  which  the  VEESS  system  produces,  precludes  Its  direct  use  In  a  laboratory 
environment.  Therefore,  we  have  undertaken  a  study  employing  exposures  to  a  diesel  fuel  based  smoke 
generated  under  similar  clrcunstances ,  but  on  a  much  smaller  scale.  The  purpose  of  the  work  described 
In  this  paper  Is  (1)  the  development,  construction,  and  evaluation  of  a  diesel  fuel  based  aerosol  gener¬ 
ator  on  a  laboratory  scale;  (2)  the  chemical  and  physical  characterl zatlon  of  the  material  to  which  the 
nals  are  exposed;  (3)  the  comparison  of  test  and  field  aerosols. 

2.  GENERATION/EXPOSURE  SYSTEM 

At  the  outset  of  the  study,  It  was  deemed  Important  to  be  able  to  build  into  the  laboratory-scale 
generator  a  chemical  environment  similar  to  that  which  exists  In  the  exhaust  system  of  the  tank  or  other 
large  diesel  powered  vehicle.  It  should  be  emphasized  that  the  white  obscurant  cloud  consists  primarily 
of  droplets  of  diesel  fuel  In  the  micron  and  submicron  size  range.  The  black,  sooty  particles  and  gas¬ 
eous  constituents  of  diesel  exhaust  constitute  only  a  minor  fraction  of  the  cloud.  However,  the  ability 
to  study  chemical  Interactions  of  the  fuel  with  the  exhaust  gases  was  part  of  the  design  criteria  of  the 
generator. 

Figure  1  Is  a  schematic  of  the  generation  system.  The  generator  itself  consists  of  a  1  meter  long 
section  of  stainless  steel  tubing  (2.8  cm  l.d.).  A  l  kw  Vycor  immersion  heater  Is  mounted  Inside  the 
tubing  to  simulate  the  manifold  heating.  The  carrier  gas,  simulating  the  exhaust  gas,  passes  along  the 
heater  where  It  Is  heated  to  600’C .  (Presently  we  are  using  nitrogen  flowing  at  10  1/mln  as  a  carrier 
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guv.  However,  generation  of  the  aerosol  in  the  presence  of  other  gases  can  be  easily  afforded  by  mixing 
those  gases  upstream  of  the  generator.)  The  temperature  of  the  Vycor  heater  is  maintained  by  means  of  a 
thermocouple  controller.  Diesel  fuel  is  pumped  onto  the  end  of  the  heater  where  it  is  volatilised  and 
carried  down  the  tube.  Since  the  exposure  chamber  operates  at  a  constant  air  flow  (4 20  1/min),  aerosol 
concentration  is  regulated  by  varying  the  injection  rate  of  the  diesel  fuel  using  low  volume  metering 
pumps.  fuel  flow  rates  from  0.5  to  10  ml/min  produce  aerosol  concentrations  of  1  to  20  g/m^.  a 
thermostatically  controlled  heater  surrounding  the  last  two-thirds  of  the  manifold  is  used  to  maintain 
the  exiting  vapor  at  350°C.  This  acts  to  prevent  premature  condensation  and  to  simulate  the  exhaust 
temperature  of  the  manifold  of  the  vehicle. 

Figure  2  is  a  schematic  of  the  entire  exposure  system.  The  generator  Is  Interfaced  to  the  exposure 
chamber  air  supply  through  a  glass  pipe  "T“.  The  hot  gases  and  vapors  enter  countercurrently  Into  the 
downflowing  air  supply  where  they  mix  turbulently,  and  rapidly  cool  to  form  a  dense  aerosol  cloud.  The 
chambers  used  are  of  a  modified  NYU  type,  rectangular  with  tapered  end  sections,  having  a  total  volume 
of  1.4  m^.  Conditioned  air  is  fed  into  the  chambers  from  the  top  and  exhausts  at  the  bottom.  The 
chambers  operate  at  a  slight  (10  mm  H 2O)  negative  pressure* 

Initially,  there  was  a  problem  with  establishing  a  homogeneous  distribution  of  the  aerosol  within 
the  chamber.  The  incoming  alrstream  was  observed  to  jet  straight  from  the  Inlet  at  the  top  of  the 
chamber  to  the  bottom  of  the  chamber,  bounce  upwards  off  the  bottom  and  return  toward  the  bottom  with  a 
swirling  motion.  To  avoid  potential  nonuniform  exposure,  an  assembly  consisting  of  a  dispersing  cone 
and  two  laminarlzing  screens  was  designed  and  installed  in  the  upper  tapered  section  of  the  NYU  chamber. 
The  screens  consist  of  perforated  alifnlmin  plates  with  10%  free  opening  area.  Thus,  when  smoke  enters 
the  chamber  It  Is  spread  across  the  cone  and  then  dispersed  in  the  horizontal  plane  by  the  screens. 

3.  CHEMICAL  CHARACTERIZATION  OF  THE  FUEL 

Because  the  chemistry  of  diesel  fuels  can  vary  considerably,  it  is  conceivable  that  the  relative 
toxicity  of  the  aerosol  could  fluctuate  with  the  fuel  source.  To  provide  a  data  base  for  comparison 
with  future  studies,  and  to  monitor  the  stability  of  the  material  being  bioassayed,  routine  physical  and 
chemical  characterization  of  the  fuel  Is  performed.  For  this  particular  study,  all  the  diesel  fuel  was 
purchased  at  one  time  from  one  particular  source  (1).  It  is  currtntly  being  stored  in  barrels  refriger¬ 
ated  to  4°C.  A  standard  protocol  has  been  developed  In  fuei  handling  to  reduce  the  Impact  of  aging. 
When  a  new  barrel  of  fuel  Is  opened,  it  is  allowed  to  come  to  ambient  temperature  (approximately  22°C), 
thoroughly  agitated  and  allquotted  into  f^ve-gallon  gas  tight  fuel  cans.  The  individual  cans  are  st  .ed 
refrigerated  until  they  are  required  for  use  in  the  animal  exposures.  When  an  individual  fuel  can  Is 
transferred  to  the  inhalation  exposure  facility,  remaining  fuel  from  the  previous  exposures  is 
discarded.  In  order  to  chemically  and  physically  monitor  the  fuel,  samples  are  collected  weekly  and 
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subjected  to  several  standard  tests:  viscosity  (ASTM  No.  D-2615),  refractive  index,  and  simulated  dl s~ 
tillatlon  (ASTM  No.  0-2887-73).  Typical  results  of  such  characterization  for  the  diesel  fuel  being  used 
in  this  study  are  found  in  Table  1.  While  such  Information  provides  for  a  referenceabl e  data  base.  It 
affords  little  detailed  information  as  to  the  chemical  composition  of  the  material.  Thus,  a  gross  com¬ 
positional  profile  of  the  fuel  is  obtained  *rom  the  samples  with  high  resolution  gas-liquid  chromatog¬ 
raphy  (Figure  3).  The  most  abundant  individual  species  In  the  diesel  fuel  appear  to  be  the  straight 
chain  saturated  hydrocarbons  C jq-C2?- 

Formation  of  double  bonds  and  oxidation  products  of  the  Individual  constituents  are  likely  conse¬ 
quences  of  aging.  In  order  to  docunent  such  aging,  UV/visIble  spectra  are  taken  on  each  sample  collec¬ 
ted.  A  slight  increase  in  optical  absorption  at  37S  nm  with  continued  air-fuel  contact  has  been 
observed.  We  suspect  that  this  is  associated  with  the  Increasing  yellowish  appearance  of  the  fuel  as  It 
ages.  Diffuse  reflectance  Fourier  transform  infrared  spectrometry  Is  being  investigated  as  a  rapid 
means  of  characterizing  chromaphor  formation  In  the  fuel.  A  sample  spectrum  of  the  fuel  is  given  In 
Figure  4.  An  increase  In  the  Infrared  absorption  in  the  region  of  1550  Cm*l  appears  to  be  associ¬ 
ated  with  fuel  aging.  This  may  be  due  to  C*C  formation. 

A  more  detailed  chemical  characterization  of  the  fuel  is  afforded  through  a  tiered  analytical 
scheme,  In  which  the  diesel  fuel  Is  first  separated  by  high  performance  liquid  chromatography  (HPLC) 
followed  by  gas  chromatography.  This  approach  has  permitted  characterization  of  the  fuel  as  to  the  rel¬ 
ative  amounts  of  aromatic  and  aliphatic  constituents  by  a  procedure  which  Is  Inherently  more  accurate 
and  rapid  than  the  standard  method  (ASTM  1319).  In  addition.  It  affords  a  depiction  of  the  constituents 
according  to  compound  and  class.  HPLC  separation  Is  accomplished  by  Hocratic  elution  with  hexane  on  a 
5  n  silica  column.  The  HPLC  chromatogram  provides  for  a  gross  comparison  of  the  differences  In  fuels. 
In  order  to  obtajn  the  al  1pnatics:aromatics  ratio  value  for  a  specific  fuel,  standardization  according 
to  refractive  index  sensitivity  must  be  performed.  This  has  been  accomplished  by  choosing  standard 
compounds  which  have  specific  refractive  index  absorbances  close  to  those  of  the  constituents  eluting  in 
each  of  the  four  or  five  major  compound  classes  within  the  fuel.  The  compounds  chosen  for  this  stand¬ 
ardization  include  dodecane,  toluene,  naphthalene,  and  3,6-dimethyl phenanthrene.  The  alipnatlcs: 
aromatics  ratio  obtained  by  this  procedure  gives  values  very  close  to  those  obtained  by  Independent 
tests  (29. 3',i  aromatics  by  HPLC  vs  30. 5%  by  analysis  supplied  with  the  fuel). 

In  order  to  more  lucidly  visualize  the  Individual  compound  classes,  the  specific  HPLC  fractions  are 
collected  and  reduced  in  volume  to  500  ul  in  a  manner  so  as  to  prevent  loss  of  volatile  constituents. 
An  aliquot  of  the  concentrate  Is  subjected  to  high  resolution  gas  chromatograhlc  separation  using  a 
30-meter  SE-52  fused  silica  capillary  column.  The  first  fraction  eluting  from  the  HPLC  consists  predom¬ 
inantly  of  straight  and  branched-chaln  saturated  paraffins.  Concentrations  of  some  of  the  normal  par- 
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affins  in  the  fuel  are  reported  in  Table  2.  The  second  fraction  eluting  from  the  HPLC  Is  predominantly 
substituted  benzene  compounds.  The  third  fraction  is  comprised  predominantly  of  two-ring  aromatics, 
including  alkylated  naphthalenes,  alkylated  biphenyls,  and  small  amounts  of  aromatic  thiophenes.  Major 
constituents  of  the  fourth  fraction  Include  fluorene,  alkylated  fluorenes,  phenanthrene,  and  alkylated 
phenanthrenes. 

4.  PHYSICAL  CHARACTERIZATION  OF  THE  AEROSOL 

Particle  size  distributions  have  been  estimated  using  a  Mercer-Lovel ace  cascade  impactor  (2),  oper¬ 
ating  at  a  flow  rate  of  one  1/min.  Stage  cons. ants  were  calculated  for  measured  jet  diameters  using 
Stokes  parameters  determined  by  Marple  (3).  Direct  weighing  of  the  Impactor  stages  was  found  to  be 
unreliable  because  of  the  small  amounts  of  aerosol  collected  on  each  stage.  Consequently,  we  have  used 
a  computer-ass i sted  low  resolution  gas  chromatographic  technique  for  estimating  the  amount  of  diesel 
fuel  aerosol  collected  on  each  stage.  The  glass  stage  plates  are  innersed  in  carbon  disulfide  to  dis¬ 
solve  the  fuel  from  the  plate.  An  aliquot  of  the  resulting  solution  Is  injected  Into  the  GC  column  (5% 
S P-2100  on  100-120  mesh  Supelcoport®  operated  isothermal ly  at  200°C).  The  entire  quantity  of  partially 
resolved  hydrocarbon  constituents  is  eluted  in  3  min.  The  flame  ionization  detector  output  is  fed  into 
an  analog-to-digital  converter.  The  resulting  poorly  resolved  band  of  constituents  is  displayed  on  a 
graphics  terminal  with  sufficient  resolution  to  separate  the  small  solvent  (C$2 )  peak  from  The  fuel 
peaks.  The  area  under  the  fuel  peak  Is  Integrated  and  the  mass  determined  by  comparing  this  area  with 
standardized  solution  of  the  same  fuel  type.  An  example  of  aerosol  particle  size  at  a  given  aerosol 
concentration  plotted  on  logarithmic  probability  coordinates  Is  shown  in  Figure  5.  Some  growth  in  size 
occurs  from  the  top  to  the  bottom  of  the  chamber.  Tne  particle  size  in  the  top  of  the  chamber  does  not 
represent  the  "initial"  size  of  tne  aerosol,  since  it  has  had  time  to  grow  prior  to  reaching  this  point 
1 n  the  system. 

Snail  infrared  backscatter  probes  are  routinely  used  to  monitor  aerosol  concentrat ion  at  several 
points  within  the  exposure  chambers.  These  probes  consist  of  proximity  sensor  chips  which  contain  a 
light-emitting  diode  and  phototransi stor.  The  chips  are  approximately  1/4  inch  in  diameter  and  are 
olaced  on  the  end  of  a  probe  which  may  be  positioned  anywhere  within  the  chamber.  The  chip  detects  the 
amount  of  light  backscattered  by  the  aerosol  immediately  in  front  of  the  probe.  Voltage  output  from  the 
probes  is  adjusted  so  that  all  respond  equally  to  the  same  aerosol  concentration.  The  output  then  can 
be  related  to  aerosol  concentration,  as  measured  gravimetrical  ly  with  Cartridge  filter  pad  samples.  The 
response  of  the  sensor  is  1  Inear  over  the  aerosol  concent  rat i on  ranges  of  interest  here.  Use  of  this 
sensor  (4)  has  been  described  for  quantitation  of  animal  exposures  to  tobacco  smoke  (5).  The  filling/ 
emptying  chamber  dynamics  are  illustrated  quantitatively  in  Tigure  6,  Two  matched  sensors  were  mounted 
in  the  chamber,  one  immediately  above  the  first  tier  of  cages  and  one  just  below  the  Potto-'  tier.  he 
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data  in  Figure  6  indicate  that  there  is  some  tag  time  between  the  termination  of  fuel  flow  into  the 
aerosol  generator  and  final  washout  of  the  fuel  from  the  chamber. 

5.  CHEMICAL  CHARACTERIZATION  OF  THE  AEROSOL 

The  obscurant  cloud  generated  is  an  evaporation/condensation  aerosol  which  undergoes  a  large  dilu¬ 
tion  simul  taneously  with  the  condensation.  Many  of  the  more  volatile  constituents  of  the  fuel  have 
significant  vapor  pressures  at  ambient  temperatures,  and  thus  may  partition  themselves  between  the  vapor 
and  particle  phases.  This  complicates  sampling  of  the  aerosol,  since  the  method  of  sampling  the  cloud 
can  ultimately  affect  the  relative  composition  of  the  sample  obtained.  Samples  of  the  particulate  phase 
are  collected  on  44  mm  diameter  glass  fiber  Cambridge  filter  pads  identical  to  those  used  in  cigarette 
smoke  analyses  (6).  At  reasonably  low  sampling  flows  these  filters  are  99.951  efficient  at  collection 
of  particles  larger  than  0.3  n  diameter.  Flows  of  2  1/min  (linear  velocity  «  2.4  cm/sec)  or  less  are 
employed  in  collection  of  aerosol  samples. 

Since  animals  are  exposed  to  both  the  liquid  and  vapor  phase  of  the  aerosol,  some  independent  meas¬ 
ure  of  the  concentration  of  each  phase  is  desirable.  Estimation  of  the  concentration  of  particles  in 
the  aerosol  is  relatively  straightforward.  At  sufficiently  low  flows,  a  known  quantity  of  aerosol  can 
be  drawn  across  the  filter  and  the  increase  in  pad  weight  is  taken  as  the  mass  of  particles  present  in 
the  sampled  vol  une  of  aerosol.  Determination  of  the  quantity  of  vapor  is  more  difficult,  since  it  is 
difficult  to  assure  that  for  a  sample  sufficiently  large  to  weigh  accurately,  100*  recovery  of  all  vapor 
phase  constituents  has  occurred.  Instrumental  measurement  of  the  vapor  quantity  posed  substantial  stan¬ 
dardization  and  sample  dilution  problems.  Thus,  we  have  been  attempting  to  use  an  indirect  determina¬ 
tion  of  the  amount  of  fuel  which  does  not  recondense  following  aerosol  1  zat  1  on.  This  in  turn,  should  be 
a  good  estimate  of  the  relative  fraction  of  vapor  phase  constituents  in  the  aerosol.  The  change  in  the 
apparent  concentration  of  a  'non-volatile"  tracer  -  one  which  has  an  extremely  low  vapor  pressure  at 
ambient  temperatures  -  in  the  liquid  phase  of  the  aerosol  can  be  used  to  determine  this  fraction  through 
the  following  expression: 


F 


V-l 

V 


where 

F  =  fraction  of  the  fuel  remaining  in  the  vapor  phase 

V  =  the  ratio  of  the  concentration  of  tracer  in  the  aerosol  particulate  phase  to  that  of  the  tracer 
in  the  original  fuel  *  CT part 1/CT fuei  ] 
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In  this  case  decachlorobi phenyl  was  chosen  as  the  tracer.  (It  Is  also  Intended  'or  use  as  a  dosimetric 
tracer  for  diesel  fuel  aerosol  deposition  In  the  experimental  animals.)  In  our  experiments,  no  evidence 
of  measurable  quantities  of  this  tracer  in  the  vapor  phase  has  been  found  following  aerosol  1 aation. 
Results  of  the  experiments  (Table  3)  Indicate  that,  as  the  aerosol  becomes  more  dilute,  a  greater  frac¬ 
tion  of  the  fuel  remains  uncondensed.  However,  over  the  particle  concentration  used  in  the  subchronic 
exposures  (0.45-5.0  mg/1),  the  relative  fraction  of  vapor  to  particulate  phases  should  not  change  sub¬ 
stantially. 

Aerosol iaat ion  partitions  the  more  volatile  constituents  of  the  fuel  between  the  vapor  and  particle 
phase  of  the  aerosol.  This  is  illustrated  graphically  in  figure  7.  Here  a  comparison  of  the  high  reso¬ 
lution  gas  chromatographic  profiles  of  the  liquid  fuel  and  the  liquid  phase  of  the  aerosol  indicates  a 
substantial  decrease  in  the  concentration  of  those  constituents  eluting  before  n-Ci2H26*  Com¬ 
parison  of  the  quantities  of  the  normal  hydrocarbons  in  the  fuel  and  aerosol  is  presented  in  Table  4. 
Again,  the  absence  of  the  lower  boiling  constituents  from  the  liquid  phase  of  the  aerosol  is  evident. 
Samples  of  the  collected  aerosol  have  also  been  subjected  to  the  tiered  HPlC  fractionation/GC  visualisa¬ 
tion  scheme.  Results  of  these  studies  also  point  to  a  diminished  concentration  of  the  more  volatile 
constituents  of  the  fuel  in  the  liquid  phase  of  the  aerosol. 

We  are  currently  developing  methods  for  tiie  quantitative  sampling  of  the  vapor  phase.  The  most 
promising  of  these  appears  to  be  the  collection  of  the  filtered  vapor  on  small  Tenax  cartridges.  The 
cartridges,  containing  approximately  1.8  ml  of  Tenax  GC®,  are  thermally  desorbed  onto  a  nickel  precolumn 
which  is  cryogenically  cooled.  The  nickel  column  then  is  attached  to  an  0V-101  glass  capillary  column 
and  the  resulting  plug  Is  chromatographed  (7).  Because  the  vapors  are  relatively  concentrated  (hundreds 
of  micrograns/cp) ,  the  actual  volume  of  aerosol  sampled  must  be  small  to  prevent  breakthrough  of  indiv¬ 
idual  constituents.  Thus,  to  obtain  a  time  averaged  sample,  infusion  pumps  are  used  to  draw  filtered 
aerosol  through  the  Tenax  cartridges  at  rates  of  a  few  cc/min. 

Figure  8  compares  the  high  resolution  GC  profile  of  the  filtered  vapors  trapped  on  Tenax  with  that 
of  the  whole  aerosol  (the  latter  sample  was  obtained  by  removing  the  Cambridge  filter  upstream  of  the 
Tenax  trap).  Again,  parti .oning  of  the  fuel  constituents  between  the  vapor  phase  and  the  liquid  phase 
is  evident. 

Characterl zati on  of  the  animal  exposure  chamber  atmospheres  has  not  been  limited  to  profiling  meth¬ 
odologies.  Analyses  of  specific  constituents  in  the  atmospheres  had  indicated  acetaldehyde  concentra¬ 
tions  of  18-20  mQ/1 .  carbon  monoxide  at  approximately  2  ppm,  and  oxides  of  nitrogen  (NOx)  at  approxi¬ 
mately  1  ppm. 
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6.  CHEMICAL  EVALUATION  OF  FIELD  AEROSOLS 

The  system  being  used  to  expose  animals  In  this  study  does  not  exactly  mimic  that  used  under  field 
conditions  because  here,  the  diesel  fuel  is  vaporized  in  a  nitrogen  carrier  gas.  In  vehicul ar-based 
systems,  oxygen  and  other  constituents  of  the  exhaust  could  react  with  diesel  fuel  to  form  compounds  not 
present  in  the  nitrogen-generated  aerosol.  As  part  of  an  effort  to  assess  chemical  differences  between 
the  vehicul ar-based  diesel  fuel  aerosol  and  that  used  in  the  inhalation  toxicology  studies,  ORNL  partic¬ 
ipated  In  the  Smoke  Week  III  exercises  held  at  Eglln  Air  Force  Base  during  August  of  1980.  The  purpose 
of  our  Involvement  was  to  collect  chemical  samples  of  the  VEESS  smoke  and  make  comparisons  as  to  the 
chemical  composition  of  those  smokes  with  that  used  In  the  inhalation  toxicology  studies. 

Sampling  systems  used  during  the  exercises  were  similar  to  those  employed  in  the  laboratory,  i.e., 
glass  fiber  filter  pads  backed  with  Tenax  traps.  Samples  of  the  gases  were  to  be  collected  in  gas  samp¬ 
ling  bags  downstream  of  pi ston-dri ven  flow-controlled  pumps.  In  addition  to  the  chemical  samplers  other 
analytical  instrunentation  was  used.  A  chemil  tninescent  oxides  of  nitrogen  analyzer  provided  on-line 
NOx  concentration  measurements.  An  Ecoiyzer®  was  used  to  determine  carbon  monoxide  levels.  An  acti¬ 
vated  charcoal  trap  backed  with  Tenax  GC®  was  used  to  remove  interfering  organic  volatiles  from  the 
sample.  In  addition,  a  Gayle/ORNL  Optical  Particle  Concentration  Monitor  was  used  to  provide  instantan¬ 
eous  readout  of  particle  concentrations.  Because  diesel  fuels  can  differ  in  chemical  composition,  sam¬ 
ples  were  collected  from  the  M-48  tank's  fuel  tank  immediately  prior  to  the  VEESS  run. 

In  the  one  successful  test  In  which  we  were  able  to  obtain  a  few  measurable  samples  of  VEESS  smoke, 
the  amount  of  smoke  crossing  the  sampler  was  highly  variable.  Continuous  readout  of  the  particle  sensor 
monitoring  aerosol  droplet  concentrations  in  the  center  of  the  ORNL  sampling  line  indicate^  peak  aerosol 
concentrations  of  only  160  mg/m^.  However,  during  only  30%  of  the  total  test  duration  was  the  aerosol 
concentration  above  that  minimally  detectable  (5  mg/m3).  Peak  concentrations  of  carbon  monoxide  were 
observed  to  be  approximately  2  ppn.  NOx  concentrations  were  also  observed  to  be  highly  variable,  with 
peak  concentrations  of  approximately  7  ppm.  Again,  this  was  thought  to  be  due  to  the  non-uniform  con¬ 
centration  of  smoke  cloud  being  sampled.  Because  of  the  very  low  concentrations  of  smoke  existing  on 
the  sampling  grid  at  any  one  point,  very  few  of  the  samples  collected  were  amenable  to  chemical  analy¬ 
sis.  Of  those  which  were  collected,  high  resolution  GC  profiles  of  the  liquid  phase  of  the  aerosol  com¬ 
pared  with  those  of  the  aerosol  being  tested  In  the  ORNL  study  Illustrate  some  important  differences. 
Primarily,  these  differences  exist  in  the  concentration  of  the  lower  boiling  constituents  of  the  aerosol 
liquid  phase.  For  example,  In  Table  5  are  compared  the  relative  n-paraffln  concentrations  for  the  VEESS 
fuel  with  tho'  ■  from  the  collected  aerosol.  As  much  as  30%  of  the  amount  of  the  n«paraff!ns  (those 
eluting  before  m -C j 4H30 )  present  In  the  fuel  are  absent  from  the  liquid  phase  of  the  aerosol. 

This  finding  is  qual ftatl vely  similar  to  the  aerosol  generated  in  the  ORNL  studies.  However,  the  liquid 
phase  of  the  ORNL-generated  aerosol  contains  a  relatively  higher  proportion  of  lower  boiling  constlt-  745 
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uents  than  that  of  the  VEESS  aerosol.  These  differences  may  be  as  much  as  20%  b.y  weight  and  may  be  due 
both  to  differences  In  temperature  at  which  the  particles  were  collected  ( 3 1  ®C  vs.  22 °C  at  ORNL)  and  to 
the  aerosol  concentrations  examined.  Other  major  differences  between  the  field  test  and  the  ORNL  aero¬ 
sol  were  ascribed  to  differences  in  the  two  fuel  samples. 

Studies  to  chemically  characterize  a  more  relevant  aerosol  have  been  limited  to  pilot  experiments 
In  which  oxygen  (present  at  concentrations  approximately  equal  to  those  in  the  exhaust  gas  of  the  diesel 
engine)  is  added  to  the  nitrogen  carrier  gas  generating  the  aerosol.  The  most  evident  Change  Involves  a 
noticeable  increase  in  Infrared  absorption  of  the  liquid  phase  of  the  aerosol  in  the  spec'  *1  region 
indicative  of  carbonyl  formation.  This  phenomenon  has  been  confirmed  chemically  (8),  ‘  ng  an 

approximately  5-fold  increase  in  the  gas  phase  carbonyl  content  in  the  ox.genated  aerosol. 
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TA8LE  1.  PHYSICAL  PARAMETERS 
DIESEL  FUEL  -  PHILLIPS  REFERENCE 


Kinematic  Viscosity  3.335  centlstokes 

Refractive  Index  1*477 

Simulated  Distillation 


Initial  Soiling  Point  U2*C 
Final  Soiling  Point  313*C 
Average  Bolling  Point  235*C 


TABLE  2.  CONCENTRATIONS  OF  NORMAL  PARAFFINS 
PHILLIPS  REFERENCE  FUEL 

Concentration 

Hydrocarbons  _ mg/g  fuel 


n-CgHjo 

1*2 

n-C10H22 

0.5 

n-CuH24 

12.6 

n.C12H26 

12.8 

n'c13H2fl 

13.3 

n'C J4H3O 

16.0 

n*c15H32 

16. £ 

n-Ci6H34 

19.1 

°"C 1 7H35 

18.8 

»-ClBH38 

10.7 

n-C 19H40 

6.8 

n-C20H42 

2.6 
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TABLE  3.  FRACTION  OF  FUEL  REMAINING  IN  VAPOR  PHASE 
FOLLOWING  AEROSOLI2AT ION 


Particle  Concentration 
mg/1 

^part 

1.25  .+  0.03 

Fraction  of  Fuel 
Remaining  in 
Vapor  Phase.  ; 

0.45 

20 

1 

1.23  ♦  0.04 

18 

3 

1.21  ♦  0.06 

17 

5 

1.17  ♦  0.05 

14 

8 

1.08  ♦  0.03 

7 

TABLE  4. 

EFFECT  OF  AEROSOL 1ZAT ION  ON  LIQUID  PHASE  COMPOSITION 

*  of  Normal  Paraffins 

Hydrocarbon 

Phillips  Fuel 
(Prior  to  Aerosol Izatlon) 

OkNL  Aerosol 
(Phillips  Liquid  Phase) 

n-Cg 

- 

- 

n-Cg 

1.1 

* 

n-Cjo 

4.4 

2.2 

n*cll 

8.6 

4.6 

n-Ci2 

8.5 

6.7 

n'c13 

10.0 

9.3 

n'C  14 

10.5 

10.5 

n"C  15 

13.1 

14.: 

n-Cie 

14.8 

16.7 

n-  C 17 

12.9 

15.5 

n-C18 

9.0 

11.2 

n  "C  i9 

4.5 

5.6 

n-C2o 

1.9 

2.4 

n-C2l 

0.6 

1.0 

n*c22 

0.3 

- 
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TABLE  5.  COMPARISON  OF  LIQUID  PHASE  NORMAL  PARAFFINS 


X  of  Reported  Normal  Paraffins 
Hydrocarbon  VEESS  Fuel  Vfc£$S  Aerosol 


n-Cg 

1.1 

- 

n-Cg 

1.3 

- 

n-C10 

2.6 

- 

n-cn 

5.8 

- 

n*-12 

8.9 

- 

n-C]3 

12.1 

2.5 

n“C  i4 

12.2 

8.8 

"-Cl5 

12.0 

16.0 

n'c16 

11.4 

18.3 

n-C17 

9.1 

15.8 

n“C  is 

8.5 

13.6 

n-Cig 

5.1 

8.7 

n-C20 

3.8 

6.8 

n*c21 

2.4 

4.2 

n-C22 

1.6 

2.7 

n”C  23 

1.0 

1.5 

n-C24 

0.9 

1.1 

n-C25 

0.5 

1.0 
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CONDITIONED 


FIGURE  2.  SCHEMATIC  DIAGRAM  OF  COMPLETE  EXPOSURE  SYSTEM. 
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RESOLUTION  GAS  CrttOMATO GRAPHIC  PROFILE  OF  #2  DIESEL  FUEL 
.E-S2  coated  fused  silica  colunn.  Mg  carrier  gas  @  20  ps 
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FIGURE  6.  TWO  CHANNEL  RECORDING  OF  PARTICLE  CONCENTRATION 
FROM  OIESEL  FUEL  AEROSOL  IN  ANIMAL  EXPOSURE  CHAMBER. 
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FIGURE  7.  COMPARISON  OF  HIGH  RESOLUTION  GAS  CHROMATOGRAMS : LIQUID 
PHASE  OF  THE  >rROSOL  VS  UN-AEROSOL  1ZEO  DIESEL  FUEL. 

Conu  : t i ons :  Same  as  Figure  3. 
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COMPARISON  OF  HIGH  RESOLUTION  GAS  CHROMATOGRAMS  OF  VAPOR  Af®  UN-FILTERED  AEROSOL  SAMPLES 

COLLECTED  ON  TENAX*. 

Conditions:  50  m  -  0V-101  coated  glass  capillary  colmn.  He  carrier  gas. 

1.8  cc  Tenax  Desorbed  0  250°C  for  10  min.  He  flow:  6  cc/min. 
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ACUTE  EXPOSURES  OF  RATS  TO  AN  INHALED  AEROSOL  OF  DIESEL  FUEL 

W.  Dalbey^,  S.  Lock\  B.  Holmberg^,  J,  Moneyhun^,  and  M.  Guerin^ 

^-Biology  Division,  Oak  Ridge  National  Laboratory,  Oak  Ridge,  TN  37830 
^Analytical  Chemistry  Division,  Oak  Ridge  National  Laboratory,  Oak 
Ridge,  TN  37830 

ABSTRACT 

Diesel  fuel  aerosols,  produced  by  volatilization  of  the  fuel  followed  by  rapid  condensation  in 
ambient  air,  are  used  as  military  obscurants.  A  toxicological  evaluation  of  an  aerosol  generated  under 
laboratory  conditions  is  currently  underway.  Acute  range  finding  exposures  of  2,  4,  ar.d  6  hours  dura¬ 
tion  have  been  carried  out  at  aerosol  concentrations  from  2.67  mg/L  to  16  mg/L.  Deaths  resulting  from 
these  exposures  occurred  within  48  hours.  Apparent  cause  of  death  was  pulmonary  hemorrhage  and  edema. 
Date  from  these  experiments  were  used  in  designing  a  study  in  which  a  series  of  repeated  exposures  are 
followed  by  measurement  of  selected  biological  endpoints  shortly  after  the  termination  of  exposure  and 
at  two  weeks  post-exposure.  The  endpoints  were  designee  to  exam-  ie  pulmonary  function,  alveolar  macro¬ 
phage  activity,  neurological  function  and  immunological  functior  Changes  in  body  weight,  blouj  chem¬ 
istry  and  whole  tissue  morphology  are  also  being  examined.  A  pilot  study  involving  repeated  exposures 
has  been  completed  and  will  be  discussed  along  with  the  design  and  some  preliminary  results  from  the 
more  extensive  exposures. 

INTRODUCTION 

There  is  currently  little  Information  on  the  potential  health  effects  of  aerosols  of  diesel  fuel 
such  as  those  used  as  visual  obscurrants.  For  this  reason,  we  arc  currently  exposing  laboratory  rodents 
to  such  an  aerosol.  The  objectives  of  this  research  are  twofold.  The  first  is  to  characterize  the 
aerosol  produced  In  the  laboratory  from  diesel  fuel  ft 2  under  conditions  of  volatilization  and  condensa¬ 
tion  similar  to  those  In  the  field.  The  second  is  to  assess  the  biologic  effects  of  acute  and  sub- 
chronic  exposures  of  rodents  to  that  aerosol  under  conditions  which  can  be  related  to  potential  troop 
exposure. 

In  another  article  In  this  proceedings  (Jenkins  et  si.),  the  chemical  and  physical  characterization 
of  the  diesel  fuel  and  its  aerosol  has  been  discussed.  We  will  discuss  the  biologic  data  available 
to  date  here.  This  experiment  Is  ongoing.  Therefore,  our  presentation  will  deal  mainly  with  experi¬ 
mental  approach  and  data  from  Initial  exposures. 
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EXPERIMENTAL  ANIMALS 

Sprague-Davley  raca  (Charles  River)  of  both  sexea  are  used  for  all  exposures.  Upon  arrival  at  our 
laboratory,  animals  go  through  a  2-veek  quarantine  during  which  those  positive  for  Infection  with 
Pseudamonas  are  killed.  Some  Incidence  of  Kilham'a  rat  virus,  RCV,  and  SDA  virus  has  been  observed  by 
serological  casting.  No  gross  evidence  of  Infection  has  been  observed. 

Animals  are  housed  in  suspended  wire  mesh  cages,  one  rat  par  cage.  Pood  and  water  are  provided 

3 

ad  libitum  except  during  exposures.  During  exposures,  the  cages  are  placed  into  2-m  chambers  for 
whole-body  exposure  to  the  diesel  fuel  aerosol.  Modifications  in  the  chambers  to  accomplish  uniform 
distribution  of  the  aerosol  have  been  described  elsewhere  (Jenkins  et  al,,  this  proceeding).  Aerosol 
concentration  is  monitored  continuously  by  two  infrared  bsckacatter  probes  and  periodically  during  each 
exposure  by  gravimetric  determination.  An  interlock  and  alarn  system  prilvento  overexposure  of  the 
animals  in  case  of  a  failure  In  the  exposure  system. 

ACUTE  EXPOSURES 

Range-finding  exposures  were  conducted  to  determine  concentrations  of  the  aerosol  which  would  be 
tolerated  by  the  animals.  As  part  of  the  second  objective  of  this  study,  the  assessment  of  biologic 
affects  of  exposure,  we  are  attempting  to  define  the  relative  Importance  of  the  concentration,  duration, 
and  frequency  of  exposure.  Exposure  durations  selected  to  reflect  the  range  occurring  with  human  expo¬ 
sures  are  2,  4,  and  6  hours.  Therefore,  the  range-finding  study  consisted  of  single  exposures  to  vary¬ 
ing  concentrations  for  these  three  exposure  durations. 

Another  objective  of  the  acute  exposures  was  to  obtain  an  indication  of  whether  one  biologic  end¬ 
point,  mortality,  was  related  to  the  product  of  aerosol  concentration  (C)  and  duration  (t)  of  exposure. 
One  may  assume  that  the  Ct  product  is  proportional  to  the  actual  doee  of  material  retained  by  the 
ar.laal  and  that  a  given  biologic  effect  is  related  to  that  dose.  This  assumption  can  greatly  simplify 
extrapolation  of  data  related  to  the  risk  of  exposures  having  various  concentrations  and  durations. 
However,  such  an  assumption  is  noc  always  valid  and  may  lead  to  inaccurate  conclusions.  For  this 
reason,  we  have  included  a  test  of  the  relation  of  the  Ct  product  to  bloloblc  endpoints  wherever 
possible  in  our  study,  not  as  the  main  objective  of  the  exposures  but  as  a  secondary  one. 

Each  exposure  group  In  the  acute  study  consisted  of  five  male  and  five  female  Sprague-Dawley  rats, 
12-14  weeks  of  age.  Rats  were  exposed  one  time  for  either  2,  4,  or  6  hr  to  concent  rat  ions  ranging  from 
2.67  to  16  mg/llter,  After  exposure,  symptoms  which  appeared  to  he  related  to  the  Ct  product  Included 
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aye  irritation,  loas  of  coordination,  apparent  aedatlon,  and  laborad  breathing.  Animals  were  observed 
for  2  week*  after  axpoaura.  All  death*  occurred  within  the  flret  48  hr,  primarily  from  pulmonary  hemor¬ 
rhage  and  edema,  as  observed  during  autopsy  and  In  histologic  sections  of  tissues  taken  at  autopsy. 

Mortality  date  are  show:.  I.-  figure  1.  Statistical  analysis  of  these  data  (exploratory  regression* 
of  the  proportions  dying,  vm  l)ui  transforms  thereof  including  problt,  logit,  and  arcsine)  revealed 
that  mortality  was  highly  ralaced  to  the  Ct  product  (p  ■  0.0001  and  83X  of  tha  variation  in  mortality 
was  explained  by  Ct).  The  mortality  response  and  transformations  of  It  scorn  mors  nearly  linear  in  log 
(Ct)  chan  in  Ct.  Estimation  of  the  Influence  of  exposure  duration  on  mortality  by  analysis  of  covari¬ 
ance  showed  chat  mortality  was  slightly  greater  with  2-hr  exposure,  but  (1)  exposure  time  accounted  for 
leas  than  10%  of  the  ability  of  a  line*"  model  based  on  log  (Ct)  to  explain  the  mortality  response  and 
(2)  there  was  no  ordered  relation  of  mortality  to  duration  of  axpoaura.  Tharafora,  the  dominant  factor 
in  predicting  response  is  the  Ct  product. 

DESICN  OF  REPEATED  EXPOSURES 

Since  mortality  after  single  exposures  was  essentially  proportional  to  tha  Ct  product,  an  estimate 
of  tha  maximum  tolerated  doaa  (MTD)  for  multiple  exposures  was  based  on  tha  Ct  product.  The  lower 
confidence  bound  of  the  Ct  ptoducc  resulting  in  1%  mortality  after  single  exposures  was  8  hr*mg/L. 

Thus,  8  hr>mg/L  wss  taken  as  the  MTD,  the  "doss"  expected  to  result  In  very  little  or  no  mortality  after 
single  exposures. 

This  MTD  was  used  in  the  repeated  exposures  conducttd  to  dste.  As  stated  before,  one  major  purpoee 
of  these  exposures  is  to  help  define  the  relative  imporcanca  of  aerosol  concentration,  duration  of  sach 
exposure,  and  frequency  of  exposures.  Exposure  duration*  vara  selected  as  2  and  6  hour*.  Concentra¬ 
tions  were  chosen  to  provide  a  Ct  of  8  hr.mg/L  for  both  exposure  durations.  The  frequency  of  exposure 
was  set  at  either  1  or  3  exposures  per  week.  It  was  fait  that  3  expoaures  par  waak  would  .illov  little 
time  for  recovery  of  the  animala  between  exposure  while  1  exposure  per  week  could  permit  significant 
recovery  from  the  acute  effects  of  exposure  before  the  subsequent  dosing  wss  given. 

Thus  the  experimental  design  is  a  cube,  as  shown  in  Plgura  2.  Each  cornsr  of  the  cube  represents 
one  experimental  group  of  animals  and  one  set  of  exposure  conditions.  An  additional  let  of  four  groups 
was  originally  In  our  design  (Ct”8/3)  but  it  is  not  certain  at  this  time  If  those  groups  will  remain 
In  t lie  design.  They  will  remain  only  if  biologic  effects  after  exposure  to  Ct  of  8  are  great  enough 
to  indicate  a  significant  impn  t  from  exposures  to  n  lower  Ct.  The  study  is  conducted  in  blocks  of  4 
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group*  each,  allowing  time  for  date  evaluation  and  changing  the  dealgn  between  block*.  All  group* 
racelve  a  total  of  9  exposurus.  Those  exposed  3  times  per  week  are  treated  for  3  weeks;  those  exposed 
once  weekly  are  treuted  for  9  waokn.  Biologic  assays  nro  porforned  within  the  first  few  day*  after  the 
last  exposure  and  again  after  2  weak*  wlchout  exposure.  All  control*  are  sham-exposed. 

DESCRIPTION  OP  BIOLOGIC  ENDPOINTS 

Another  objective  of  the  repeated  exposure*  1*  to  Identify  the  more  pronounced  area*  of  toxicity 
resulting  from  exposure.  Our  epprosch  to  this  question  has  bean  s  battery  of  essays,  some  of  which  are 
performed  on  the  same  animal.  Thss*  assays  ara  listed  below; 

-Body  weight  and  food  conaumptlon  during  and  aftar  exposure*. 

-Clinical  chemistry  on  serum  samples,  blood  cell  and  platelet  counts,  and  specific  gravity 

of  urlna. 

-Alveolar  macrophage  (AM)  function 

1)  Number  of  lavagad  AM's 

2)  Phagocytic  activity  of  AM's  attached  to  glass 

3)  bactericidal  activity  of  free  cell  population  lavagad  from  lung 

-Pulmonary  function  taats 

1)  Pulmonary  resistance 

2)  Lung  volumes 

3)  Quasi-static  pressure-volume  curve* 

4)  Maximal  exhaled  flow-volume  curves 

5)  Multibreath  nitrogen  washout  curves 

6)  Carbon  monoxide  diffusing  capacity 

-Neurotoxicity  screening  assay* 

1)  Startle  reflex 

2)  Tell  flick 

3)  Forellmb  grip  strength 

-Immunotoxlclty  assay)  humoral  antibody  formation  in  reeponee  to  bovine  serum  albumin  challenge 

-Morphology  of  respiratory  tract  and  major  organs 

Body  weight,  food  consumption,  clinical  chemistry,  and  blood  cell  counts,  urinary  specific  gravity, 
and  hletopathologlcal  examination  of  tissues  are  common  to  many  toxicological  studiea  In  which  the  poten¬ 
tial  for  systemic  toxicity  exists. 
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The  alveolar  macrophage  and  pulmonary  function  tests  were  chosen  because  of  possible  effects  of 
retained  aerosol  on  the  respiratory  tract.  The  alveolar  macrophages  are  free  ameboid  scavengers  which 
engulf  particles  deposited  on  the  surface  of  the  alveoli  and  aid  in  the  destruction  and  clearance  of 
Chose  particles  from  the  lung,  generally  via  the  trachea.  This  is  a  very  important  protective  mechanism 
because  the  lungs  are  continually  exposed  to  the  exterior  environment.  If  the  phagocytic  activity  of 
the  AM's  is  compromised,  the  animal  would  be  less  able  to  respond  to  a  particulate  challenge,  such  as 
a  bacteria.  The  assays  used  here  Include  the  number  of  AM's  which  can  be  obtained  by  lavaging  the 
lungs  with  a  standard  volume  of  saline.  This  number  reflects  the  number  of  AM's  In  the  lung.  The  com¬ 
petence  of  these  AM's  to  pbsgocytize  yeast  and  kill  bacteria  is  measured  in  vitro. 

The  pulmonary  function  tests  are  generally  designed  to  measure  pulmonary  mechanics  in  the  living 
animal.  Pulmonary  resistance  Is  an  index  of  the  resistance  in  the  respiratory  tract  to  air  flow.  Lung 
volumes  and  pressure-volume  curves  are  included  to  measure  the  distensibility  of  the  lung  under  nearly 
static  conditions,  generally  a  reflection  of  tissue  characteristics.  Flow-volume  curves  during  maximal 
forced  exhalations  reflect  the  dynamic  properties  of  the  lung  and  can  be  used  to  detect  relatively  sub¬ 
tle  alterations  in  the  lower  airways.  Diffusing  cspacity  reflects  the  overall  capability  to  exchange 
gas  (CO)  across  the  lung. 

Screening  teBts  for  toxicity  in  the  nervous  system  include  the  startle  reflex  (measure  of  reflex 
response  to  an  external  noice),  tailflick  (responsiveness  to  heat  stimulation  of  the  tail  as  an  index 
of  damage  to  a  peripheral  pain  reflex),  and  the  forelimb  grip  strength  (an  Index  of  voluntary  muscle 
control  in  the  anterior  portion  of  the  body). 

The  humoral  antibody  assay  may  reflect  the  ability  of  an  exposed  animal  to  respond  to  a  foreign 
antigen. 

B10L0CIC  EFFECTS  OF  REPEATED  EXPOSURES 

At  this  time,  exposure  and  biologic  assays  of  the  first  half  (2  groups)  of  the  first  block  of  4 
treatment  groups  have  been  completed.  Thus,  data  are  available  for  animals  exposed  to  (1)  0  mg/l,  6  hr/ 
exposure,  3  expoaures/wk  and  (2)  4  mg/l,  2  hr/exposure,  3  exposures/wk.  In  both  cases,  animals  were 
assayed  Juat  after  the  last  exposure  and  after  a  2-wk  recovery  period.  No  statistical  analyses  have 
been  performed  and  animal  numbers  are  not  adequately  large  for  direct  comparison  between  exposed  and 
untreated  groups  (A  rats  per  sex  for  each  endpoint  at  each  time  of  assay).  The  statistical  strength  of 
the  experimental  design  lies  in  the  large  number  of  groups  of  animals  rather  than  in  direct  comparison 
between  any  2  groups. 
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However,  some  trends  In  Che  dace  are  apparent  at  this  time  and  may  indicate  effects  of  exposure. 

The  number  of  viable  alveolar  macrophages  lavaged  from  the  lungs  of  exposed  animals  was  greater  than 
that  obtained  from  sham-treated  controls,  as  seen  in  Table  1.  Numerous  other  ceil  types  not  normally 
observed  in  control  animals  were  also  present.  This  Increase  might  be  expected  to  result  from  the 
Influx  of  diesel  fuel  particles  into  the  lung.  When  an  aliquot  of  the  cell  suspension  containing  the 
macrophages  was  allowed  to  settle  onto  a  glass  coversllp,  a  higher  percentage  of  them  attached  to  the 
glass  (see  Table  2).  The  ability  of  these  cells  to  phagocytize  yeast  particles,  however,  was  apparently 
reduced  (Table  2).  Thus,  the  diesel  fuel  causes  a  rather  complex  series  of  events  involving  changes  in 
the  number  and  type  of  free  cells  in  the  lung  and  their  ability  to  engulf  foreign  particles. 

The  most  definite  alteration  in  pulmonary  function  is  in  the  deflation  pressure-volume  curves,  as 
Jeer,  in  Figure  3.  Here,  change  in  lung  volume  is  plotted  against  the  pressure  difference  across  the 
lungs  (transpulmonary  pressure)  which  inflates  the  lungs.  The  reference  volume  in  this  curve  is  resid¬ 
ual  volume,  the  volume  of  air  remaining  in  the  lungs  after  full  deflation.  The  lungs  of  exposed  animals 
did  not  appear  to  be  as  greatly  distended  at  full  Inflation  as  were  the  lungs  of  sham-exposed  controls. 
The  difference  in  lung  volume  from  residual  volume  to  full  Inflation  (the  vital  capacity)  appeared  to 
be  less,  indicating  possible  changes  in  the  composition  of  the  tisaues  in  the  lung  resulting  from  expo¬ 
sure  to  diesel  fuel  aerosol.  This  trend  was  present  in  both  sexes  at  both  2  dayB  and  2  weeks  after  the 
last  exposure. 

Finally,  there  was  an  lncreaee  in  the  time  of  response  in  the  tall  flick  assay  (a  decreased 
responsiveness  to  heat  on  the  animal's  tail).  Some  type  of  neurologic  damage  in  the  lower  port  of  the 
body  of  exposed  animals  may  have  been  responsible  (see  Table  3). 

ANCILLARY  STUDIES 

In  addition  to  the  core  experiments  described  above,  additional  studies  are  underway.  One  involves 
quantifying  the  amount  of  aerosol  retained  in  various  areas  of  the  respiratory  tract  in  relation  to 
exposure  conditions.  Rather  than  assuming  that  the  effective  dose  of  diesel  fuel  is  proportional  to  the 
Ct  product  with  both  2  and  6  hour  exposures,  we  are  measuring  that  dose.  Decachlorobiphenyl,  easily 
detected  by  gas  chromatography,  is  used  as  a  tracer  for  the  particulate  phase  of  the  aerosol.  In  con- 
lunctlon  with  the  deposition  study,  other  animals  are  injected  with  [^HJthymidine  at  intervals  after 
diesel  fuel.  The  thymidine  is  incorporated  into  DNA  of  dividing  cells.  Thus,  areas  of  the  respiratory 
tract  where  cell  proliferation  is  Increased  to  repair  the  damage  done  by  the  diesel  fuel  exposure  may 
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be  identified.  This  incorporation  into  DNA  may  be  seen  microscopically  by  autoradiography  and  quanti¬ 
fied.  Thus  the  primary  site  of  a  proliferative  response,  presumably  a  reflection  of  damage,  may  be 
determined. 

Lastly,  pulmonary  resistance  and  breathing  pattern  during  inhalation  of  diesel  fuel  are  being 
measured.  To  date,  animals  have  been  anesthetized  and  a  cannula  tied  in  their  trachea  for  these 
measurements  during  Inhalation  of  the  aerosol.  Under  these  conditions,  there  is  a  sex-related  increase 
in  pulmonary  resistance  during  exposure  to  diesel  fuel  aerosol,  the  females  being  more  reactive  (see 
Figure  A).  This  Increase  is  probably  reflex,  initiated  by  receptors  in  the  airways.  The  standard 
errors  of  the  means  shown  in  Figure  4  are  large.  Some  animals  responded  much  more  than  others.  In 
fact,  there  may  be  a  responder-nonresponder  dichotomy.  This  possibility  is  being  further  investigated. 

CONCLUSIONS 

A  system  was  constructed  to  expose  laboratory  rodents  to  an  aerosol  of  diesel  fuel  similar  to  that 
found  under  field  conditions.  Extanslva  chemical  and  physical  characterization  of  that  aerosol  has  been 
performed.  An  acute  mortality  study  with  single  exposures  showed  that  mortality  was  essentially  propor¬ 
tional  to  the  Ct  product  over  the  range  of  exposure  conditions  used.  A  Ct  product  of  8  hr*mg/L  was 
chosen  as  a  maximal  tolerated  dose  and  successive  exposures  to  that  Ct  were  begun.  After  9  exposures, 
preliminary  data  Indicate  possible  changes  in  alveolar  macrophage  function,  pulmonary  function,  and 
one  neurotoxicity  screening  test. 
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TABLE  I,  MILLIONS  OF  VIABLE  ALVEOLAR  MACROPHAGES  LAVAGED 
FROM  THE  LUNG  (MEAN  ♦  S.E.) 


Exposed 

Nonexpcsed 

2  days  pose-exposure 

1 

i 

males 

8.3  i  4.1 

3.9  t  1.1 

females 

6.1  t  2.8 

2.4  i  0.5 

2  weeks  post-exposure 

males 

7.7  t  2.1 

3.6  1  1.6 

females 

8.6  r  1.9 

1.5  t  0.4 
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TABLE  IX.  PERCENT  OP  MACROPHAGES  ATTACHED1  AND  BIND INC  INDEX  IN 
PHAGOCYTOSIS  ASSAY  WITH  YEAST.  (MEAN  +  S.E.) 


I  Exposed 

i  Nonexpoaed 

attached 

Bl2 

attached 

BI 

2  days  post-sxposure 

males 

7.8  t  2.6 

5.6  t  0.2 

1.9  t  0.4 

10.6  1 

females 

5.0  i  0.6 

4.6  ±  1.0 

1.6  t  0.4 

11.8  1 

2  weeks  post-exposure 

males 

1.6  i  0.3 

3.7  1  1.0 

0.6  1  0.1 

6.8  l 

females 

1.1  t  0.2 

4.5  ±  0.9 

0.6  1  0.1 

5-8  t 

1)  Percent  of  suspended  cells  which  attached  to  glass  coversllp  during  assay 
procedure. 

2)  Binding  index  is  number  of  yeast  per  100  alveolar  macrophages. 
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TABLE  III.  RESULTS  OF  TAIL  FLICK  ASSAY:  SECONDS  TO  REMOVE 
TAIL  FROM  HEAT  SOURCE.  (MEAN  +  S.E.) 


UNCLASSIFIED 


VOLUME  >  RESIDUAL  VOLUME 
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SUBSTITUTION  OF  NONTOXIC  DYE 
IN  Ml 8 _COLORED_ SMOKE  GRENADES 

Michael  D.  Smith 
Chemical  Systems  Laboratory 
Aberdeen  Proving  Ground,  MO 

ABSTRACT 

The  current  M18  yellow  and  green  smoke  grenades  use  component  dyes  benzanthrone  and  vat  yellow 
4.  In  1979,  a  report  issued  by  the  National  Cancer  Institute  stated  that  vat  yellow  4  was  proven  car¬ 
cinogenic  to  mice.  Chemical  Systems  Laboratory  identified  a  dye,  DSC  No.  11,  which  is  certified  by 
the  Food  and  Drug  Administration  for  use  in  drugs  and  cosmetics.  New  yellow  and  green  smoke  mixes  in¬ 
corporating  this  nontoxic  dye  were  successfully  developed  and  tested.  This  effort  will  reduce  the 
health  ha2ard  to  manufacturing  and  using  personnel,  and  will  result  in  an  average  annual  estimated  cost 
savings  of  $450,000  due  to  the  lower  cost  of  the  replacement  dye. 

1.  DESCRIPTION 

The  standard  M18  colored  smoke  grenade  is  a  burning  type  munition  used  for  signalling  purposes. 

The  grenade  is  a  cylindrical  metal  container,  4.S  inches  long  by  2.5  inches  in  diameter.  It  contains 
approximately  32 S  gm  of  either  green,  red,  yellow  or  violet  pyrotechnic  smoke  mix.  A  standard  M201A1 
ignition  fuze  is  screwed  into  a  fuze  adapter  located  on  top  of  the  grenade  and  serves  to  initiate 
functioning  of  the  munition.  The  red,  yellow,  and  violet  smoke  grenades  ha\e  a  single  smoke  emission 
hole  in  the  bottom.  The  green  smoke  grenade  has  four  smoke  emission  holes  in  the  top  (fuze  end)  in 
addition  to  a  hole  in  the  bottom.  All  emission  holes  are  covered  with  tape  to  protect  the  smoke  mix 
and  starter  mix  from  moisture. 


The  pyrotechnic  configuration  consists  of  a  central  core  hole  in  the  consolidated  pyrotechnic 
smoke  mix.  The  approved  formulation  contains  sulfur  as  the  fuel,  potassium  chlorate  as  the  oxidizer, 
sodium  bicarbonate  as  a  coolant,  and  the  appropriate  color  organic  dye.  Table  I  shows  the  composition 
of  the  standard  MIS  grenades. 


2.  PROBLEM 

Research  studies  conducted  to  date  indicate  that  the  organic  dyes  in  colored  sraokp  pyrotechnic 
formulations  pose  potentially  serious  health  hazards  to  occupationally  exposed  personnel.  An  Edgewood 
Arsenal  Technical  Report,  EB-TR-74064 ,  December  19“'4>  stated  that  disperse  red  9,  vat  yellow  4,  and 
hen : unthrone  dyes  are  potential  carcinogens  and  recommended  Thar  they  be  replaced,  A  National  Cancer 
Institute  Report,  NCI -CG-TR- 1 34 ,  19"y,  reported  that  cat  yellow  4  was  found  to  cause  cancer  in  male 
mice.  And,  most  recently,  research  conducted  in  19*0  by  Oak  Ridge  National  Laboratory  revealed  that 
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all  four  smoke  dye  mixes  exhibited  mutagenic  activity  in  the  crude  (as  commercially  received)  forms. 
These  health  effects  are  of  concern  as  they  give  rise  to  a  potential  ban  on  production  and  use  of 
colored  smoke  munitions. 


3.  SOLUTION 


A  solution  to  the  health  effects  problem  is  the  substitution  of  dyes  which  are  noncarcinogenic 
and  of  minimal  (reversible,  nonincapacitating)  toxicity  to  industrial  personnel  and  the  environment. 
Programs  to  identify  and  qualify  candidate  substitute  dyes  are  now  underway  at  Chemical  Systems 
Laboratory.  In  order  for  a  replacement  dye  to  be  acceptable,  it  must  qualify  both  technically  and 
medically. 


4.  SELECTION  CRITERIA  FOR  COLORED  SMCKE  DYES 


4.1  TECHNICAL  EVALUATION 

The  MIS  colored  smoke  signals  produce  smoke  by  volatilization  of  colored  materials  (organic  dyes). 
The  finely  divided  dyes  are  intimately  combined  with  a  pyrotechnic  mixture  of  an  oxidizer,  a  fuel,  and  a 
coolant.  The  h°at  produced  by  the  reaction  of  the  fuel  and  oxidizer  volatilizes  the  dye  which  condenses 
outside  the  munition  to  form  the  colored  smoke,  A  coolant  chemical  is  added  to  regulate  the  rate  of 
burning  and  lower  the  temperature  of  combustion  so  as  to  prevent  excessive  decomposition  of  the  dye, 
evidenced  by  decolonization  or  flaming. 

A  suitable  dye  for  the  production  of  colored  smokps  must  possess  thermal  stability,  volatility, 
and  purity  of  color.-  A  simple  test  can  be  used  to  assess  a  dye  for  these  three  properties  simulta¬ 
neously.  A  small  amount  ,f  the  dye  is  placed  in  a  test  tube  and  gently  heated.  If  the  dye  shows 
indication  of  subliming  or  vaporizing  readily,  it  may  be  of  use,  but  if  it  melt?  long  before  vapori¬ 
zation  or  decomposes,  it  is  not  suitable  for  use  in  smoke  mixtures.  Not  all  dyes  which  give  off 

Heath,  D.,  The  Formation  of  Colored  Smoke  !"•  Is,  Part  1  of  Review  of  Suitable  Organic  Dyestuff, 

PR  2S1*.  Croat  Britain,  Sep  4.3. 
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colored  vapors  in  this  test  will  operate  successfully  in  a  smoke  munition,  but  no  dye  which  has  failed 

2 

the  test  tube  trials  has  been  found  to  function  properly  in  smoke  mixtures.— 

Dyes  which  pass  the  preliminary  test  are  then  tested  by  mixing  with  a  combustion  mixture.  The 
heat  produced  by  the  fuel  mixture  must  vaporiie  the  dye  without  destroying  it.  The  dye  should  have  a 
high  flash  point  so  that  the  dye  is  not  Inflamed.  And  in  the  absence  of  true  sublimation,  the  melting 
and  boiling  points  of  the  dye  should  lie  close  together  to  prevent  any  gTeat  amount  of  liquid  dye  being 
present  in  the  munit ion,  as  the  liquid  will  slow  down  or  stop  the  combustion.— 

The  three  chief  factors  which  render  a  dye  suitable  for  the  production  of  a  colored  smoke 

(volatility,  thermal  stability,  and  color  purity)  are  closely  related  to  the  chemical  constitution  of 

2 

the  dye.—  In  an  early  investigation  of  volatility  and  thermal  stability  of  dyes,  it  was  concluded  that 
dyes  containing  amino  or  substituted  amino  groups,  but  not  sulfonic  groups  or  sulfonic  groups  in  the 
form  of  sodium  salts,  were  suitable  for  the  production  of  colored  smokes.—  These  conclusions  were 
confirmed  and  amplified  by  a  British  investigator  in  a  systematic  survey  of  the  common  dyestuffs.  This 
investigator  formulated  the  following  rules  to  predict  the  volatility  and  thermal  stability  of  a  given 
dye.i 

a.  The  molecular  weight  must  not  exceed  450. 

b.  The  most  satisfactory  dyes  are  members  of  the  following  series:  Anthraquinone,  azine, 
azo,  quinoline,  and  xanthene. 

c.  The  following  groups  roust  be  absent:  Sulfonic,  hydrochloride,  nitro,  "itroso, 
quaternary  aimonium,  and  oxonium. 

d.  The  following  groups  may  be  present:  Amino  and  substituted  amino,  alkyl,  aryl, 
chloro,  bromo,  hydroxy,  and  alkoxy, 

e.  The  dye  must  no*  tend  to  undergo  auto-condensatlon. 


I  Heath,  C.  C. ,  The  Formation  of  Colored  Smoke  Clouds,  Part  1  of  Review  of  Suitable  Organic  Dyestuff, 
PR  2547,  Great  Britain,  Sep  43. 

—  Ray,  Arthur  B.,  Industrial  and  Engineering  Chemistry,  Vol  18,  No.  1,  Production  of  Colored  Smoke 
Slgnels,  1926. 

-  Li,  Y.  H.,  and  Shih,  Chun.  Journal  of  the  Chinese  Chem.  Society,  Vol  2,  pp.  205-10,  1934. 
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Even  when  a  particular  dye  possesses  the  required  thermal  stability  and  volatility,  it  does  not 
necessarily  follow  that  it  will  give  a  satisfactory  colored  smoke  cloud.  In  order  to  act  as  a  satis¬ 
factory  signal,  the  color  must  be  readily  distinguishable  under  all  conditions  and  sufficiently 
characteristic  to  avoid  confusion  with  other  colors.  Dyes  which  are  unacceptable  by  themselves  may  be 
useful  in  a  mixture.  For  example,  no  single  dye  is  presently  known  to  give  a  green  smoke,  but  a  very 
satisfactory  cloud  results  from  the  blending  of  suitable  blue  and  yellow  dyes. 

The  relationship  between  color  and  chemical  constitution  is  complicated,  since  the  color  depends 
not  only  on  the  chromogen  (color  producing  molecular  group)  and  the  auxochromes  (substituent  groups  which 
intensify  the  color),  but  also  on  the  relative  position  of  these  within  the  dye  molecules.  Nevertheless, 
the  preceding  rules  may  be  sometimes  usefully  applied  to  members  of  a  particular  series.— 

4.2  MEDICAL  EVALUATION 


Candidate  replacement  dyes  with  the  requisite  technical  properties  must  also  qualify  as  being 
non-oncogenic  end  of  minimal  toxicity. 

A  detailed  medical  evaluation  program  (MEP)  has  been  planned  which  will  provide  for  a  toxicology 
data  base  to  answer  these  questions.  The  MEP  focuses  on  industrial  site  exposure  to  the  worker  and  the 
environmental  consequences  of  industrial  waste  and  fallout  during  training.  The  US  Army  Medical 
Research  and  Development  Command  (USAMRDC)  through  the  US  Army  Medical  Bioengineering  R6D  Laboratory 
(USAMBRDL),  Ft  Detrick,  Maryland,  will  provide  the  health  hazard  assessment  required  for  the  replace¬ 
ment  smoke  formulations. 


S.  TESTING  OF  SUBSTITUTE  DYES 


In  July  1979,  Chemical  Systems  Laboratory  began  a  search  for  candidate  substitute  dyes.  The 
search  for  a  qualified  replacement  red  dye  for  disperse  red  9  has  been  frustrating.  A  literature 
search  for  red  dyes  which  have  the  correct  chemical  and  physical  properties  was  performed.  Of  the  more 


—  Heath,  C.  D. ,  The  Formation  of  Colored  Smoke  Clouds,  Part  1  of  Review  of  Suitable  Organic  Dyestuff, 
PR  2547,  Great  Britain,  Sep  43. 
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than  120  red  dye*  evaluated,  all  but  two  were  eliminated  from  further  consideration  for  one  or  more  of 
the  following  reasons:  (a)  has  known  haiardous  health  effects,  (b)  no  longer  commercially  available, 
or  (c)  produces  unsatisfactory  colored  smoke  clouds.  Two  dyes  which  produced  a  satisfactory  red  smoke 
in  preliminary  testing  are  being  evaluated  further.  Both  are  produced  by  Mobay  Chemical  Corporation 
and  are  known  a*  Macrolex  Red  1069  and  Oil  Red  G  Type  P28.  At  this  time  little  is  known  about  the 
toxicology  of  these  dyes  as  they  are  recent  commercial  developments. 

Much  greater  success  has  been  obtained  in  finding  a  replacement  for  vat  yellow  4  dye.  A  dye  was 
identified  which  produces  an  excellent  yellow  smoke  cloud  and  is  listed  by  the  Food  and  Drug  Adminis¬ 
tration  for  use  in  drugs  and  cosmetics.  This  dye,  2-{2-quinolyl)-l ,3-indandione,  (synonyms:  chinoline 
yellow,  DSC  yellow  11,  solvent  yellow  33,  quinoline  yellow  SS,  Cl  No.  47000)  has  been  under  intensive 
evaluation  at  Chemical  Systems  Laboratory  for  over  a  year. 

Chinoline  has  been  tested  as  a  replacement  for  both  vat  yellow  4  and  benzanthrone  dyes  in  both 
the  yellow  and  green  smoke  formulations.  In  initial  studies,  the  new  dye  was  combined  with  various 
pyrotechnic  ingredients  in  differing  ratios  in  order  to  optimize  smoke  grenade  performance  and  meet  the 
requirements  of  MIL-G-12326.  These  formulations  were  then  subjected  to  accelerated  storage  (12  weeks 
at  160°F)  to  assure  the  stability  of  the  smoke  mixes.  The  optimum  formulas  are  presented  in  Table  II. 

After  selection  of  the  optimum  improved  formulations,  grenades  were  produced  for  final  performance 
testing.  The  purpose  of  the  final  test  program  was  to  evaluate  and  compare  the  performance  of  the 
improved  yellow  and  green  grenades  with  standard  yellow  and  green  M18  grenades.  An  outline  of  the  test 
plan  is  presented  as  Table  III. 

Final  testing  was  performed  just  recently  by  an  independent  evaluator,  and  while  test  data  is 
still  being  analyzed,  the  improved  yellow  and  green  grenades  appear  acceptable  in  all  technical  aspects. 

6.  IMPLEMENTATION 

h'hen  final  technical  approval  is  given  to  the  improved  mixes,  necessary  changes  to  the  technical 
data  package  for  the  M18  grenade  will  be  made  so  that  the  improved  grenades  can  be  produced.  Of  course, 
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the  final  acceptance  for  production  of  the  improved  smoke  mixes  may  depend  on  health  effects  data 

t 

from  the  medical  evaluation  program. 


7.  BENEFITS 


The  most  important  benefit  derived  from  the  substitution  of  chinoline  yellow  dye  into  the  yellow 
and  green  colored  smoke  grenades  is  a  reduction  (presumably)  in  the  health  hazards  to  occupationally 
exposed  personnel.  An  additional  benefit  gained  is  a  substantial  cost  savings.  The  chinoline  yellow 
dye  costs  less  than  the  dyes  it  replaces,  so  there  is  a  savings  of  $1.77  per  yellow  grenade  and  $.49  per 
green  grenade.  The  average  annual  savings  based  on  projected  grenade  requirements  is  $452,000. 
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TABLE  I.  STANDARD  LOADING  FOR  Ml 8  COLORED  SMOKE  GRENADES 
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TABLE  II.  IMPROVED  LOADING  FOR  YELLOW  AND  GREEN  Ml 8  GRENADES 


Smoke 

Component 

Weight  i 

Improved  Yellow 

Chinoline  yellow  dye 

42 

Magnesium  carbonate 

21 

Potassium  chlorate 

22 

Powdered  Sugar 

IS 

Improved  Green 

Chinoline  yellow  dye 

12.  S 

Solvent  green  3  dye 

29. S 

Magnesium  carbonate 

18 

Potassium  chlorate 

24 

Powdered  sugar 

16 
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TABLE  III.  TEST  PLAN 

A.  ENVIRONMENTAL  STORAGE  TESTS 

1.  Hot  -  Dry  8  ♦  160°F,  S-10%  RH 

2.  Wot  -  Hot  8  *113°F,  85%  RH 

3.  Extreme  Cold  8  -6S°F 

4.  Cyclic. (Hot/Ory  -  Wet/Hot  -  Extreme  Cold)  weekly 

5.  Ambient  (controls) 

B.  PACKAGED  ROUGH  HANDLING 

1.  High  Altitude  •  low  temperature 

2.  Transportation  vibration 

a.  Hot,  +160°F 

b.  Cold,  -65°F 

C.  Room  ambient 

3.  Bounce  (Transportation  Shock) 

a.  Hot,  *160°F,  preconditioned 

b.  Cold,  -65°f,  preconditioned 

c.  Room  ambient 

4.  Five  foot  Drop  Tost 

a.  Hot,  preconditioned  +160°F 
*b.  Cold,  preconditioned  -65°F 

c.  Room  ambient 

C.  FUNCTIONAL  EFFICIENCY  TRIALS 

1.  Grenades  after  environmental  storage.  Precondition  to  operating  conditions 
of  AR  70-38. 

2.  Grenades  after  rough  handling 

a.  Hot  cyclic  safety  trials 

b.  Cold  soak  safety  trials 

c.  Ambient  (controls) 

D.  SMOKE  COLOR  IDENTIFICATION  TESTS 
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IMPROVEMENTS  AND  PROPOSED  DEVELOPMENT 

5E - i - 

ALKALI  HALIDE  SMOKES1 

L.  A.  Mathews  and  P.  St.  Amand 
Naval  Weapons  Center 
China  Lake,  California  93555 

ABSTRACT 

Alkali  halide  smokes  produce  hygroscopic  nuclei  by  oxidizing  an  organic  fuel  with  perhalates 
of  the  alkali  metals  in  specially  chosen  combinations.  These  smokes  have  some  advantages  over  con¬ 
ventional  screening  smokes  in  their  overall  adaptability  to  battlefield  use,  extended  storage, 
safety  and  low  toxicity. 

Previous  alkali  chloride  formulations  used  In  weather  modification  research  were  limited  as  screening 
smokes  because  the  nuclei  that  were  generated  picked  up  water  rapidly  only  at  relative  humidities 
greater  than  80%,  thus  limiting  their  use  geographically.  A  program  was  therefore  initiated  to  Improve 
the  deliquescence  of  these  nuclei.  Based  on  vapor  pressure  studies,  modification  of  the  previous 
alkali  chloride  formulation  itself  has  increased  the  yields  at  lower  relative  humidities.  The  smokes 
are  now  effective  over  a  wide  range  of  relative  humidities  and  can  be  used  throughout  most  of  the 
world  a  good  part  of  the  time. 

It  Is  proposed  to  explore  the  possibilities  of  using  different  binders  and  different  additives  to 
change  the  optical  properties  of  the  alkali  halide  smokes.  New  energetic  pyrotechnic  and  explosive 
compositions  will  be  devised  for  rapid  and  efficient  dispersion.  With  a  little  experimentation  using 
an  explosive  fuel  binder,  loadings  for  smoke  grenades,  bombs,  and  shells  that  also  serve  as  anti¬ 
personnel  devices  can  be  developed.  Using  fuel  binders  such  as  polybutadiene  or  higher  energetic 
binders,  smoke  rockets  can  be  developed  that  will  permit  laying  of  either  lateral  curtains  of  smoke 
or  stratus  decks. 

^Completion  of  this  paper  was  precluded  by  the  discovery  of  a  formulation  with  significantly 
Improved  screening  properties  at  low  relative  humidities. 
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A  LABORATORY  I  WEST  I  GAT  I  ON 
OF  AEROSOL  AND  EXTINCTION  CHARACTERISTICS  OF 
OBSCURANT  SCREENS  PRODUCED  FROM  ALKALI  HALIDE  PYROTECHNICS 


J.  T.  Hanley  and  E.  J.  Mack 
Calspan  Corporation 
Advanced  Technology  Center 
Buffalo,  NY  1422S 

ABSTRACT 

Under  contract  with  the  Naval  Air  Systems  Command  (AIR-310) (  Calspan  has  been  conducting  an 
experimental  investigation  of  the  feasibility  of  producing  stable,  optical-obscurant  screens  (smokes 
ar.d  fogs)  with  artificially-generated  hygroscopic  aerosols  at  relative  humidities  of  MO  to  951. 

The  objectives  of  this  investigation  are  to  evaluate  the  physical,  optical,  chemical,  and  growth 
characteristics  of  aerosols  generated  from  the  Navy's  Salty  Dog  pyrotechnic,  and  altemete  formulations, 
as  functions  of  humidity.  The  investigation  has  included  individual -particle  growth  studies  performed 
under  the  microscope  and  large-scale  tests  performed  in  Calspan's  S90  chamber.  Results  from  this 
investigation  show  that  the  Salty  Dog  pyrotechnic  produces  copious  quantities  of  hygroscopic  aerosols 
which  exhibit  significant  growth  at  humidities  above  -v?0%,  producing  increased  aerosol  mass  yield  and 
extinction.  Data  documenting  particle  growth,  I.R.  and  visible  wavelength  extinction,  mass  yield,  and 
hysteresis  growth  effects  are  presented.  A  limited  comparison  of  Salty  Dog  and  white  phosphorus 
extinction  yields  is  also  presented. 


1.  .NTRODUCTION 

The  scope  of  this  effort  is  limited  to  an  experimental  evaluation  of  the  efficiency  of  "Salty 
Dog"  pyrotechnic  aerosols  as  an  alternative  to  white  phosphorus  in  producing  conditions  of  restricted 
visibility  (i.e.,  smoke  screens)  at  subsaturated  humidities.  In  the  experiments,  smokes  (fogs)  are 
generated  by  burning  a  prescribed  quantity  of  the  pyrotechnic  under  prescribed  humidity  conditions  with¬ 
in  the  well-mixed  S90  m3  chamber.  In  addition,  the  growth  of  individual  particles  as  a  function  of  RH 
was  studied  using  a  microscope,  spider  thread  and  a  RH-control led  viewing  chamber.  In  this  paper, 
results  of  the  experiments,  i.e.,  aerosol  size  spectra,  aerosol  growth,  mass  loading  and  extinction  as 
functions  of  relative  humidity  are  presented.  Extinction  data  are  compared  with  data  obtained  in 
phosphorus  pentoxide  smokes,  and  particle  growth  data  are  compared  with  both  measurements  and  theoretical 
estimates  of  the  growth  of  pure  salts. 


1.1  FACILITIES  AND  INSTRUMENTATION 


Large-scale  laboratory  experiments  are  carried  out  in  Calspan's  590  m3  Chamber.  The 
facility's  large  size  (x<9  m  diameter  by  x.9  m  high)  minimizes  wall  effects,  provides  relatively  long 
path  lengths  for  extinction  measurements,  and  provides  for  a  useful  aerosol  lifetime  of  many  hours.  A 
complete  air  handling  capability  permits,  as  required,  the  removal  of  virtually  all  particulate  and 
gaseous  contaminants  prior  to  each  experiment,  the  introduction  of  specified  aerosols,  and  control  of 
humidity  from  20  to  98%  RH.  A  cut-away  view  of  the  chamber  facility  and  a  list  of  instrumentation 
pertinent  to  this  investigation  are  provided  in  Figure  1  and  Table  1,  respectively.  Specific  details 
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Figure  1.  Cut-Away  View  of  Calspan's  Chamber  Facility. 


Table  1 

INSTRUMENTATION  USED  IN  LARGE-SCALE  EXPERIMENTS 


EXTINCTION : 

CALSPAN  TRANSMISSOMETER 
CALSPAN  IR  TRANSMISSOMETER 
MR I  NEPHELOMETER 


Wavelength 

Visible,  0.4-0.S  um  X 
Continuously  Variable,  2-12 
Visible  \ 


Extinction  Coefficient 
0.1  to  0.001  m'1 

*  0,1  to  0.001  m'1 

(8.0  to  O.SJxlO'V1 


AEROSOLS : 

GARDNER  SMALL  PARTICLE  DETECTOR 

TSI  ELECTRICAL  AEROSOL  ANALYZER 

ROYCO  OPTICAL  PARTICLE  COUNTER 

CALSPAN  DROPLET  SAMPLER  (GEIATIN  REPLIC.) 

CASELIA  CASCADE  IMPACTOR 

LO-VOL  FILTER  SAMPLER 


TOTAL  CONCENTRATION  (>.0025  um) 
SIZE  SPECTRA  (.01 -.75  um  dia) 
SIZE  SPECTRA  (.3-3.  um  dia) 

SIZE  SPECTRA  (3.-50  um  dia) 
ELEMENTAL  CIIEM.  ANAL.  VIA  SEM 
MASS  LOADING  AND  CIIEM.  ANAL. 
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of  the  instrumentation  and  chamber  facility  may  be  found  elsewhere  (Ref.  1-3). 

1.2  EXTINCTION  MEASUREMENTS 

Extinction  produced  by  aerosol  hates  is  measured  at  visible  wavelengths  over  a  folded  path  of 
about  18  m,  A  lense  collimated  beam  from  an  incandescent  bulb  powered  by  a  regulated  power  supply  is 
focused  on  a  photomultiplier  after  traversing  the  chamber  twice  (reflection  by  a  mirror  at  the  opposite 
chamber  wall).  The  detector  photomultiplier  is  an  RCA-4440  which  has  a  peak  sensitivity  in  the  range 
0.4-0. 5  um  wavelength.  Two  visible  wavelength  transmissometer  systems  are  available  at  heights  of 
-vl  and  5  m  above  the  floor. 

A  recently  built  IR  transmissometer  utilizes  an  18  m  path  length,  a  900°C  black  body  source, 
and  an  HgCdTe  detector  operated  at  liquid  nitrogen  temperature.  The  chopped,  collimated  source  beam  is 
directed  through  the  chamber  (at  a  height  of  1  m)  and  onto  the  detector  by  spherical  front-silvered 
mirrors.  Continuous  measurements  of  extinction  as  a  function  of  wavelength  are  obtained  via  a  pair  of 
variable  wavelength  filter  wheels  located  in  front  of  the  detector.  The  spectral  resolution  of  these 
filters  is  two  percent  over  the  wavelength  interval  from  2-12  um. 

"Unattenuated"  light  intensities  (i.e.,  Io)  are  measured  by  beth  the  visible  and  IR  trans¬ 
missometer  systems  prior  to  the  introduction  of  aerosols  into  the  chamber.  Estimates  of  extinction  are 
then  obtained  from  the  optical  transmission  data  via  Beer's  law: 


where  I0  is  the  intensity  of  the  incident  light,  l  is  the  observed  light  intensity  at  some  distance  x 
through  the  aerosol  medium,  and  8  is  the  extinction  coefficient  of  the  aerosol  cloud. 

1.3  INDIVIDUAL  PARTICLE  GROWTH  STUDIES 

In  an  effort  to  gain  further  insight  into  the  deliquescent  growth  properties  of  the  pyrotechnic 
aerosols,  an  apparatus  was  assembled  which  allowed  measurement  of  the  growth  of  an  individual  particle 
as  a  function  of  RH.  Individual  particles,  20-40  um  diameter,  were  mounted  on  a  stretched  spider  thread 
filament  (of  •vl  um  dia)  for  viewing  with  the  aid  of  a  microscope.  The  specimen  particle  was  placed  in  a 
viewing  chamber  through  which  air  of  carefully  controlled  and  measured  RH  flowed.  The  accuracy  and 


UNCLASSIFIED 


787 


UNCLASSIFIED 

repeatability  of  the  apparatus  was  determined  through  measurements  of  (and  comparison  with  theoretical 
estimates)  particles  of  pure  NaCI  and  pure  KC1.  Details  of  the  set-up  may  be  found  elsewhere  (e.g., 
Ref.  3).  Measurements  of  the  growth  characteristics  of  aerosol  from  three  alternative  formulations 
of  "Salty  Dog"  were  obtained,  and  the  data  demonstrate  that  the  deliquescence  properties  of  the  aerosol 
can  be  managed. 

1.4  SMOKES  FROM  SALTY  DOG  AND  ALTERNATE  FORMULATION  PYROTECHNICS 


The  basic  aerosol  used  for  producing  conditions  of  restricted  visibility  at  subsaturated 
humidities  in  these  experiments  was  generated  by  pyrotechnic  devices  known  as  "Salty  Dogs".  The  devices, 
developed  at  the  Naval  Weapons  Center  (Ref.  S)  and  designated  CY8SA,  are  said  to  be  composed  of  "18% 
hydrocarbon  binder,  S%  magnesium,  10%  sodium  chloride,  6S%  potassium  perchlorate  and  2%  lithium 
carbonate."  When  burned,  the  pyrotechnic  produces  copious  quantities  of  hygi-oscopic  aerosol  (»10*° 
particles  >  1.0  urn  diameter  per  gram  of  payload).  The  aerosol  begins  to  deliquesce  at  ''-08%  RH,  and 
extinction  in  the  smoke  increases  by  an  order  of  magnitude  as  RH  is  increased  from  70  to  35%.  A  total 
of  32  experiments  with  the  standard  Salty  Dog  formulation  was  conducted  during  FY  78  and  79. 

In  consonance  with  the  Navy's  increased  interest  in  screening  smokes,  alternate  formulations 
of  the  alkali  halide  pyrotechnics  are  being  developed  at  NKC  (Ref.  6)  and  tested  at  Calspan  (Ref.  3  and 
4).  A  total  of  36  large-scale  chamber  tests  on  two  new  formulations,  designated  NKC  29  and  NNC  78,  was 
conducted  during  FY  80.  Extinction  measurements  indicated  that  neither  NWC  29  nor  78  produces  greater 
extinction  than  standard  Salty  Dog  and  that  NKC  78  may  be  slightly  less  effective  due  to  its  smaller 
dry  yield  factor. 


2.  RESULTS  OF  LARGE-SCALE  LABORATORY  EXPERIMENTS 


2.1  CHEMICAL  ANALYSES  OF  THE  OBSCURANT  AEROSOLS 


Low  volume  filter  samples  obtained  for  mass-loading  measurements  were  analyzed  to  determine 
elemental  composition  of  the  aerosolized  pyrotechnic.  Analysis  for  K,  Mg,  Na ,  Ca  and  Li  was  performed 
by  atomic  absorption  spectroscopy.  Ion  chromatography  was  used  to  determine  Cl  content.  These  results, 
together  with  the  chemical  composition  of  the  bulk  pyrotechnic  (as  provided  by  Dr.  L.  Mathews,  NKC, 

China  Lake)  are  presented  in  Table  2.  As  can  be  seen,  the  majority  of  the  aerosol,  by  weight,  for  all 
formulations  is  Cl.  The  remainder  being  primarily  a  mixture  of  Na  and  K  for  NWC  78  and  Salty  Dog,  and 
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Table  2 

CHEMICAL  COMPOSITION  OF  ALKALI  HALIDE  PYROTECHNICS  AND  SMOKES  (BY  WEIGHT) 


SALTY  DOG 

CY8SA 

NWC  <>29 

NKC  "78 

65%  KC104 

79%  NaC104 

54%  NaCIO . 

4 

Bulk 

10%  NaCl 

S%  Mg 

25%  KC10, 

Pyrotechnic 

S%  Mg 

2%  LiCl 

5%  Mg 

(NWC  Analyses) 

2%  Li2C03 

14%  Binder 

2%  LiCl 

18%  Binder 

14%  Binder 

?1%  Cl 

68%  Cl 

75%  Cl 

Measured 

33%  K 

27%  iNfl 

12%  Na 

Aerosol 

(Elemental) 

10%  Na 

4%  Mg 

9%  K 

(Calspan  Analyses) 

6%  Mg 

<1%  Li 

3%  Mg 

<1%  Li 

<1%  K 

-  -  -  -  - 

<1%  Li 

Na  for  NKC  29. 

2.2  EXTINCTION  YIELD  FOR  THE  ALKALI  HALIDE  PYROTECHNIC 

2.2.1  VISIBLE  WAVELENGTHS.  The  effectiveness  of  the  NWC  pyrotechnics  in  producing  visible 
wavelength  extinction  was  measured  with  the  chamber's  transmi ssometcr .  For  comparison  to  the  extinc¬ 
tion  produced  by  Salty  Dog,  more  recent  data  obtained  from  tests  of  NWC  29  and  NKC  78  are  plotted  in 
Figure  2  along  with  Salty  Dog  extinction  data  obtained  in  earlier  tests  (see  Ref.  2).  The  results, 
on  a  per  payload  gram  per  chamber  basis,  are  shown  in  the  figure  as  a  function  of  humidity.  From 
these  data,  it  is  apparent  that  neither  NWC  29  nor  73  produces  greater  extinction  than  Salty  Dog, 
and  the  data  suggest  that  NWC  78  may  provide  slightly  less  extinction  per  unit  payload  of  pyrotechnic 
burned . 

2.2.2  EXTINCTION  AT  IR  WAVELENGTHS.  Continuous  IR  extinction  measurements  from  "c2  to  12  urn 
wavelength  were  made  with  the  IR  transr.iissometer.  The  instrument,  designed  and  fabricated  at  Calspan, 
was  installed  in  the  chamber  during  the  latter  portion  _>f  the  chamber  tests,  presenting  an  opportunity 
to  obtain  initial,  limited  data  on  the  IR  extinction  spectra  of  the  smokes.  IR  data  were 

obtained  for  one  test  each  of  Salty  Dog,  NWC  29  and  NWC  78  in  which  SO  g  payloads  were  aerosolized  at 
a  humidity  of  90-92%.  While  believed  to  be  reasonably  reliable,  the  data  should  be  regarded  as 
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preliminary  only,  since  it  was  manually  reduced  at  only  a  Tew  discrete  points.  The  spectra  are  shown 
in  Figure  3. 

2.3  PARTICLE  SIZE  SPECTRA  AS  A  FUNCTION  OF  HUMIDITY  IN  THE  ALKALI  HALIDE  SMOKES 

In  small  payload  experiments,  particle  size  distribution  data  were  obtained  for  the  range  of 
0.01  to  3  um  diameter  over  a  range  of  relative  humidities  from  35%  to  93%.  Figure  4  presents  the  size 
distribution  data  for  the  three  NWC  pyrotechnics,  normalized  on  a  per  payload  gram  basis  within  the 
S90  m3  chamber.  From  the  size  spectra  of  Figure  4,  it  is  apparent  that  all  of  the  pyrotechnics  produce 
aerosols  which  undergo  significant  growth  at  humidities  above  ''•70%  RH.  At  lower  humidities,  little  or 
no  growth  was  observed.  Additionally,  Salty  Dog  appears  to  generate  about  twice  the  total  number  of 
particles  as  either  NWC  29  or  78.  Howevei  ,  NWC  29  and  78  produce  a  greater  number  of  larger  (i.e., 

>1  um)  particles  per  unit  payload. 

The  average  per-gran  yields  of  the  alkali  halide  pyrotechnics  in  terms  of  aerosol  production 
and  extinction  are  presented  as  functions  of  RH  in  Table  3.  For  standard  Salty  Dog  (CY85A) ,  total 
aerosol  output  is  consistently  -v8xl013  particles  per  gram;  at  higher  humidities  the  aerosols  deliquesce, 
and  greater  numbers  of  larger  aerosols  (i.e.,  >1.0  um  diameter)  are  observed,  giving  rise  to  increases 
in  extinction.  Note  that  for  the  "dry"  aerosol  tests  (i.e.,  RH  <60%),  the  assumption  of  density 
comparable  to  NaCl  (i.e.,  s. 2  g/cm3)  suggests  that  aerosol  mass  was  'uO.S  g/g  pyrotechnic--l  ,e .  ,  that 
only  half  the  pyrotechnic  remained  as  an  aerosol. 


2.4  AEROSOL  MASS  YIELD  OF  THE  NWC  PYROTECHNICS 

The  mass  yield  of  a  pyrotechnic  is  defined  as  the  ratio  of  the  resultant  cloud  mass  to  the 
payload  mass.  For  the  chamber  tests,  the  payload  was  always  an  accurately  known  quantity,  being  weighed 
shortly  before  burning.  To  obtain  a  measure  of  the  cloud  mass,  filter  samples  of  the  resultant  smokes 
were  obtained,  and  the  mass  of  the  filter  sample  was  then  related  to  the  total  cloud  mass  by  the  ratio 
of  the  chamber  to  sample  volume.  Figure  S  presents  the  resultant  yield  data  for  NKC  29  and  78  as  a 
function  of  humidity.  The  dashed  segments  of  the  curves  occur  in  the  region  of  initial  significant 
particle  growth.  For  this  region,  the  data  base  Is  Insufficient  to  clearly  define  the  shore  of  the 
curve. 
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Table  3 

AVERAGE  AEROSOL  AND  EXTINCTION  YIELD  (PER  GRAM  OF  PYROTECHNIC) 

AS  FUNCTIONS  OF  RELATIVE  HUMIDITY  FOR  NWC  ALKALI  HALIDE  PYROTECHNICS 


Humidit 


40-S8% 

60-69% 

70-77% 

79-8S% 

93-97% 


SALTY  DOG  (CY8SA) 


Number  Number  of  Particles  of 

of  _ Size  >  Indicated  Diameter _ 

Tests  >0.01  urn  >0.1  vim  >1 .0  urn 


Aerosol 

Volume 


Integrated 

Extinction 

Coefficient 


6 

7.3xl013/g 

2.0xl013/g 

2.3x10*°/ g 

0.28  cm3/g 

1.2  m2/ g 

2 

8. OxlO*3 

2 . 1x10* 3 

8.4x10*° 

0.34 

1,5 

S 

- 

- 

- 

- 

2.2 

6  ' 

6.9x10* 3 

2.4xl013 

19.6x10*° 

- 

S.l 

s 

oo 

X 

o 

w 

3. 3x10* 3 

59.4x10*° 

- 

1S.0 

33-64% 

2 

3. 3xl013/g 

. 87x10*  3/ g 

1.2xl0*°/g 

0.15  cm3/g 

0.95  m2/g 

77-88% 

2 

6. 8xl013 

1 . 1 xlO*  3 

86x10*° 

- 

S.l 

-19 


i igure  5 
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Mass  yield  for  NhC  29  ond  NKC  28  as  a  function  of  humidity,  and  the 
theoretical  yield  of  an  NaCl  aerosol  having  an  assigned  dry  yield 
equal  to  that  of  the  pyrotechnic. 
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As  can  be  seen,  the  measured  dry  yields  of  NWC  29  and  78  were  approximately  0.38  and  0.30, 
respectively.  These  values  are  somewhat  lower  than  the  expected  theoretical  dry  yields  of  0.48  for  NKC 
29  and  0.49S  for  NWC  78  reported  by  NWC.  The  "X"  shown  on  the  figures  represents  a  mass  yield  measure¬ 
ment  from  a  single  Salty  Dog  test  at  92*  RH.  By  the  relative  position  of  the  curves  to  the  "X",  it  is 
seen  that  NKC  29  produced  a  greater  yield  than  NWC  78  at  higher  humidities,  apparently  due  to  the 
initially  greater  dry  yield  of  NWC  29.  The  single  Salty  Dog  data  point  precludes  a  definite  conclusion 
as  to  its  yield  relative  to  that  of  NWC  29  and  78,  however,  it  appears  that  neither  NKC  29  nor  78 
produces  a  significantly  greater  yield  than  Salty  Dog.  The  lower  yield  of  NKC  78,  relative  to  that  of 
the  Salty  Dog  point,  apparently  accounts  for  the  slightly  lower  yield  in  extinction  also  observed  for 
NWC  78  (see  Figure  2) . 

In  addition  to  the  measured  mass  yield  curve,  a  theoretical  yield  curve  (Ref.  7)  is  shown 
based  on  the  assumption  that  all  of  the  pyrotechnic  dry  yield  aerosol  is  composed  entirely  of  pure 
NaCl.  As  can  be  seen,  for  both  NWC  29  and  78,  the  measured  yield  was  less  than  the  theoretical  at 
humidities  above  the  deliquescent  threshold  of  NaCl  (764).  The  differences  between  theoretical  yields 
for  NaCl  and  measured  yields  for  the  pyrotechnics  are  attributed  to  the  fact  that  the  generated 
aerosol  was  not  pure  NaCl  but  rather  a  combination  of  several  salts  and.  additionally,  may  contain  a 
large  fraction  as  insoluble,  inert  material,  thereby  reducing  the  effective  mai*  yield  and  overall 
aerosol  giowth  of  the  pyrotechnics. 

3.  RESULTS  OF  INDIVIDUAL  PARTICLE  GROWTH  STUDIES 

In  an  effort  to  gain  further  insight  into  the  deliquescent  growth  characteristics  of  the 
aerosolized  pyrotechnics,  an  apparatus  was  assembled  which  allowed  the  measurement  of  individual 
particle  growth  under  controlled  humidity  conditions,  The  particles,  observed  through  a  microscope, 
wero  20-40  urn  in  diameter  and  mounted  on  a  stretched  spider  thread  filament  of  approximately  1  nm 
diameter,  The  specimen  particle  was  placed  in  a  viewing  chamber  through  which  air  of  carefully 
controlled  and  measured  humidity  flowed.  The  apparatus  and  aerosol  generation  procedures  are 
described  in  detail  elsewhere  (Ref.  3). 

To  determine  the  utility  of  the  apparatus  to  allow  repeatable  and  accurate  measurement  of 
deliquescent  particle  growth,  initial  tests  were  con'  'cted  using  particles  of  pure  NaCl  and  pure  KC1. 
Samples  were  collected  on  spider  thread  filament*  by  spraying  a  concentrated  solution  mist  of  the  salt 
(dissolved  in  distilled  water)  over  the  thread,  with  some  droplet*  being  caught  by  the  thTead.  When 
dried,  the  dissolved  salts  crystallized  Into  near  perfect  cube*  about  the  thread. 
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The  growth  of  three  NaCl  and  three  KC1  particles  was  measured  as  a  function  of  RH ,  and  the 
resultant  growth  curves  are  presented  in  Figure  6.  Note  for  the  NaCl  particles,  as  the  humidity  was 
increased  from  a  low  value,  the  particles  remained  in  the  solid  phase  until  reaching  a  deliquescence  RH 
of  '',77%.  At  this  humidity,  the  particles  completely  dissolved,  approximately  uoubling  in  diameter.  As 
the  RH  was  increased  further,  the  droplets  underwent  additional  growth.  Upon  lowering  the  RH,  the 
hysteresis  effect  was  observed  where  the  particles  existed  as  supersaturated  solution  droplets  at 
humidities  below  their  deliquescence  RH.  When  the  humidity  was  decreased  to  n-5S%,  the  supersaturation 
could  no  longer  be  maintained  and  the  droplets  crystallized.  The  repeatability  of  these  growth 
characteristics  can  be  evaluated  by  comparison  of  the  growth  curves  for  all  three  NaCl  particles.  A 
similar  set  of  measurements  was  obtained  for  pure  KC1  particles  again  showing  a  high  degree  of 
repeatability,  except  for  the  recrystallization  RH.  (Recrystallization  of  the  droplet  upon  lowering 
humidity  is  a  spontaneous  nucleating  event,  and  thus  it  was  not  expected  that  this  value  would  be 
highly  repeatable.) 

To  assess  the  accuracy  of  the  measured  growth  curves,  comparison  was  made  of  the  measured 
results  to  those  predicted  by  theory  (Ref.  7),  This  comparison  is  shown  at  the  bottom  of  Figure  6 
and  indicates  that  the  measured  values  agreed  very  well  with  the  theoretical  deliquescence  humidity 
and  relative  growth  upon  deliquescence;  drop  sizes  were  within  10%  of  the  theoretical  size  expected 
at  90%  RH. 


Following  the  successful  tests  with  t1  e  pure  salts,  samples  of  Salty  Dog,  and  NKC  29  and  78 
were  tested.  The  shapes  of  these  pyrotechnic  particles*  were  very  irregular  in  comparison  to  the  near 
cubic  shape  of  the  pure  KC1  and  NaCl  specimens.  Thus,  measurement  of  the  dry  particle  size  was 
difficult,  and  the  values  reported  below  are  based  on  best  estimates  of  the  particle  size  and  may  well 
be  overestimates  due  to  voids  in  the  particle  structure.  The  resultant  growth  curves  for  two  particles 
of  each  of  the  three  pyrotechnics  are  presented  in  Figure  7.  Referring  to  the  Salty  Dog  particles,  at 
low  humidities  the  particles  were  essentially  all  solid  with  no  significant  liquid  present. 

(Apparently  due  to  the  trace  presence  of  MgCl^  and  LiCl ,  minute  quantities  of  liquid  water  were 
detected  on  each  particle  at  humidities  as  low  as  40%, )  As  the  humidity  was  increased  above  ^75%, 
measurable  growth  was  observed  as  the  particles  began  to  dissolve.  In  the  RH  range  of  73-80%,  the 
particles  were  a  mixture  of  solid  undlssolved  salt  and  liquid  salt  solution  co-existing  in  an  apparent 

* 

Submicron  particles  produced  by  burning  the  pyrotechnics  at  low  RH  were  collectea  on  the  specimen 
spider  thread  and  allowed  to  agglomerate  at  high  RH  to  produce  recrystal li zed  dry  particles  which 
wore  Inrgc  enough  (l.c.,  20-40  urn  diameter)  fer  viewing  with  an  optical  microscope. 
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Figure  6,  Measured  and  theoretical  (Low,  1969)  particle  diameter  as  a 

function  of  humidity  for  NaCI  and  KCI.  Measurement*  made  for 
increasing  humidity  are  denoted  by  "0"  and  for  decreasing  hisnidity 

by  "X". 
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equilibrium  state,  differing  from  the  behavior  of  pure  salts  (e.g.  ,  see  Figure  6)  which  completely 
dissolve  upon  deliquescence.  At  a  RH  of  81%,  the  Salty  Dog  particles  completely  dissolved.  Upon 
lowering  the  humidity,  the  hysteresis  effect  was  observed  until  the  RH  was  lowered  to  v$9%  when  the 
the  droplets  underwent  a  complete  phase  transition  from  liquid  supersaturated  salt  solution  to  solid 
crystal.  It  should  be  noted  that  the  mixed  state  of  liquid  salt  solution  and  solid  salt  was  not 
observed  in  the  hysteresis  region.  As  with  the  pure  salts,  the  measurements  were  very  reproducible. 

In  comparison  to  Salty  Dog  aerosol,  the  NWC  29  specimens  became  completely  dissolved  at  v78% 

RH  and  recrystallised  at  55-57%.  The  NWC  78  particles  completely  dissolved  at  n.70%,  significantly 
lower  than  the  RH  required  for  Salty  Dog  aerosols,  and  recrystallized  at  55-57%.  These  values  are 
compared  in  the  table  at  the  bottom  of  Figure  7. 

In  summary,  the  individual  particle  studies  indicate  that,  of  the  three  formulations,  NWC  78 
produces  aerosol  having  the  most  favorable  growth  characteristics.  While  particles  of  all  three 
formulations  began  significant  growth  at  approximately  the  same  RH,  NWC  78  completely  dissolved  at 
70%  as  opposed  to  81%  and  78%  for  Salty  Dog  and  NWC  29,  respectively.  Thus,  it  is  expected  that  for 
the  same  dry  site  distribution,  NWC  78  would  produce  larger  droplets  in  the  humidity  range  of  70  to  80% 
than  would  either  NWC  29  or  Salty  Dog.  Additionally,  NWC  78  exhibited  a  much  lower  recrystallization 
humidity  (5S-S7%)  than  did  Salty  Dog  (69%)  and,  thus,  would  be  expected  to  maintain  larger  droplet 
sizes  than  Salty  Dog  under  decreasing  humidities  in  the  range  69-S7%. 

4.  COMPARISON  OF  THE  EXTINCTION  CHARACTERISTICS  OF 
ALKALI  HALIDE  SMOKES  WITH  THOSE  OF  WHITE  PHOSPHORUS 

In  this  section,  the  extinction  yield  produced  by  the  NWC  alkali  halide  pyrotechnics  is 
compared  to  that  of  whit#  phosphorus;  two  approaches  are  taken  in  the  comparison.  The  most  fundamental 
approach  is  based  on  the  extinction  produced  by  equal  payloads  of  each  pyrotechnic.  This  analysis  is 
limited  to  comparison  on  the  NWC  pyrotechnics  with  reagent-grade  white  phosphorus  and  will  compare 
their  overall  effectiveness,  Including  the  Influence  of  dissemination  efficiency.  A  second  means  of 
comparison  is  based  on  the  extinction  provided  by  equal  amounts  of  a  1  rbome  aerosol  ,  and  thus  Is 
independent  of  the  means  and  efficiency  of  dissemination  and  provides  Information  on  which  aerosol 
material  1*  moat  effective  in  producing  extinction. 
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4,1  COMPARISON  OF  VISIBLE  WAVELENGTH  EXTINCTION  ON  THE  BASIS  OF  PAYLOAD  MASS 


Figure  2  earlier  presented  chamber  measurements  of  visible  wavelength  extinction  on  a  per 
unit  payload  mass  basis  for  the  three  NWC  pyrotechnics.  Similar  measurements  for  white  phosphorus 
payloads  (Ref.  2)  are  presented  in  Figure  8a  along  with  the  alkali  halide  aerosol  data.  The  ordinate 
is  termed  the  payload  mass  extinction  coefficient  defined  as 


PAYLOAD  MASS  EXTINCTION  COEFFICIENT 


EXTINCTION  COEFFICIENT 
PAYLOAD  MaSS/CHAMBER  VOLUME 


In  the  actual  deployment  of  some  obscurant  munitions,  it  is  volume  not  mass  which  limits  the  munition 
payload.  Thus,  for  these  munitions,  a  volume -norma li ted  extinction  parameter  appears  to  have  greater 
utility.  Such  a  volume-normalized  parameter  is  plotted  in  Figure  8b,  where 


PAYLOAD  VOLUME  EXTINCTION  COEFFICIENT  « 


EXTINCTION  COEFFICIENT 
PAYLOAD  VOLUME"/ CHAMBER  VOLUME 


From  Figure  8  it  is  seen  that  based  on  either  payload  mass  or  volume,  pure,  reagent -grade 
white  phosphorus  produces  greater  extinction  than  the  alkali  halide  pyrotechnic  smokes  at  all 
humidities.  To  obtain  extinction  comparable  to  that  produced  by  re8gent-grade  white  phosphorus, 

0.2  times  a«  much  NWC  pyrotechnic  must  be  burned  at  95%  RH  and  \10  times  as  much  is  required  at  60%  RH. 
From  the  mass  yield  data  presented  in  Figure  S,  it  is  apparent  that  the  reason  for  much  (if  not  all) 
of  the  difference  in  extinction  effectiveness  between  Salty  Dog  and  white  phosphorus  at  RH  >80%  is 
due  to  the  low  dry  yield  (0.0.3)  of  the  Salty  Dog  pyrotechnic. 


4.2  CftTPARISON  OF  VISIBLE  WAV'S  LENGTH  EXIINCTION  BASED  ON  QUANTITY  OF  AIRBORNE  PYROTECHNIC 

MATERIAL 


Added  insight  Into  the  extinction  efficiency  of  the  alkali  halide  aerosols  may  be  gained  by 
comparing  extinction  based  on  the  amount  of  material  which  actually  becomes  airborne  to  produce  the 
smoke.  Such  an  analysis  provides  a  comparison  based  on  the  effectiveness  of  the  pyrotechnic  aerosol 
as  opposed  to  the  pyrotechnic  itself.  As  before,  volisne  (as  opposed  to  mass)  is  used  as  the 
extinction  normalizing  quantity.  The  nominal  volume  of  the  airborne  aerosol  which  originated  directly 
from  the  pyrotechnic  is  used  and,  hence,  docs  not  include  additional  volume  due  to  condensation, 
hydration,  oxidation  or  particle  shape.  For  example,  in  a  cloud  produced  by  n  white  phosphorus 
payload,  the  nominal  volume  is  that  only  of  the  phosphorus  in  the  cloud.  For  convenience,  this 
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measure  of  volume  is  referred  to  as  the  "dry"  volume.  Figure  9  presents  the  "dry"  airborne  volume 
extinction  coefficient  as  a  function  of  humidity  at  visible  wavelength  for  Salty  Dog  and  white 
phosphorus,  where 


"DRV"  AIRBORNE  VOLUME  EXTINCTION  COEFFICIENT  * 


EXTINCTION  COEFFICIENT 


"DRY"  AIRBORNE  VOLUME /CHAMBER  VOLUME 


The  "dry"  airborne  volume  was  computed  by  dividing  the  measured  "dry"  airborne  mass  by  the  density  of 
the  "dry"  material. 


From  Figure  9  it  is  apparent  that,  on  the  basis  of  the  aerosol  itself,  at  humidities  above 
s-80%,  the  Salty  Dog  aerosol  produces  a  more  dense  screen  that  does  the  white  phosphorus  aerosol.  This 
confirms  the  earlier  conclusion  that,  at  high  humidities,  the  difference  in  extinction  based  on  equal 
payloads  of  Salty  Dog  and  white  phosphorus  is  due  to  differences  in  dry  yield  rather  than  aerosol 
characteristics . 


4.3  COMPARISON  OF  IR  WAVELENGTH  EXTINCTION  BASED  ON  QUANTITY  OF  AIRBORNE  OBSCURANT  MATERIAL 

As  previously  indicated,  some  preliminary  dat.  were  obtained  on  the  IR  extinction 
characteristics  of  the  NWC  alkali  halide  pyrotechnics  at  ^92%  RH  [Ref.  3).  Limited  IR  data  were  also 
obtained  in  several  white  phophorus  tests.  For  the  purposes  of  gross  comparison,  greatly-smoothed, 
volume -normalized  IR  extinction  spectra  for  Salty  Dog  and  reagent -grade  white  phosphorus  (at  ^92"  RH) 
are  plotted  In  Figure  10.  It  is  readily  apparent  that  the  extinction  effectiveness  of  both  Salty  Dog 
and  white  phosphorus  decreases  rapidly  as  wavelength  increases  from  the  visible  into  the  IR,  due 
principally  to  the  relatively  small  particle  sizes  generated  in  these  smokes.  At  longer  IR  wavelengths, 
extinction  in  the  white  phosphorus  smoke  is  increased  over  that  of  Salty  Dog  aerosols  due  to  P-0  bond 
absorption.  The  data  demonstrate  that  for  visible  wavelength  obscuration.  Salty  Dog  aerosols  provide 
a  viable  alternative  to  white  phosphorus  while  avoiding  the  hazards  associated  with  the  use  of 
phosphorus . 

The  rapid  decrease  in  extinction  with  increasing  wavelength  for  the  Salty  Dog  and  phosphorus 
aerosol  Is  primarily  due  to  their  relatively  small  sizes.  The  vast  majority  of  particles  generated 
by  both  of  these  materials  are  In  the  size  range  0.01-1.0  um  diameter,  with  ■'SOS  of  the  particles  in 
the  size  range  0. 1-1.0  um.  Thus,  tht  ar-roso!a,whi  le  effective  scattcrers  at  visible  -melongths  by 
virtue  of  their  enormous  concentrations  and  small  sizes,  quickly  become  ineffective  scattcrers  os 
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wavelength  increases  beyond  the  visible.  Kith  the  advent  of  modern  EO  systems,  obscuration  at  IR 
wavelengths  has  become  increasingly  important.  Thus,  efforts  to  increase  the  IR  extinction 
efficiency  of  alkali  halide  smokes  as  an  alternative  to  phosphorus  are  underway  at  this  laboratory 
and  at  several  Navy  laboratories  under  NASC  support. 
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XM4»  MECHANICAL,  SMOKE  GENERATOR 
W.  G.  Rouse 

Chemical  Systems  Laboratory 
Aberdeen  Proving  Grounds,  Maryland 

ABSTRACT 

1.  INTRODUCTION 

The  XM49  Mechanical  Smoke  Generator  (Figure  1)  is  currently  in  Advanced  Development.  It  is  being  developed 
to  replace  the  M3A3  Smoke  Generator  and  provide  a  capability  to  produce  smoke  screens  in  the  visual  and  infra-red 
(IR)  regions  or  the  electromagnetic  spectrum. 


2.  DESIGN  CONCEPT 


Due  to  the  differences  in  the  screening  materials  (liquids  requiring  heat  for  vaporization  for  visual  screening 
and  small  particles  or  powders  for  IR  screening)  the  generator  must  utilize  two  different  mechanisms  to  disperse  the 
materials.  To  minimize  weight  and  power  requirements  the  generator  is  designed  to  have  two  separate  modes  of 
operation:  One  used  to  produce  visual  screens  and  the  other  to  produce  IR  screens.  To  obtain  simultaneous  screening 
in  the  visual  and  IR  spectra,  generators  operating  in  each  mode  are  set  up  to  have  the  resulting  screens  Intermingle. 

The  XM49  Mechamca.  smoke  Generator  is  designed  to  produce  visual  screens  with  standard  liquid  hydrocarbor 
smoke  materials  utilizing  the  vaporization  -  condensation  principle  (Figure  2).  When  operating  in  the  visual  screening 
mode  the  generator  produces  white  smoke  at  a  nominal  fuel  consumption  rate  of  60  gallons  per  hour, 

The  generator  produces  IR  screens  by  blowing  candidate,  particulate  materials  directly  from  a  shipping 
container  (Figure  3).  When  operating  in  the  IR  mode  the  generator  disperses  material  at  a  rate  of  five  to  ten  pounds 
per  minute. 

3.  FUNCTIONAL  OPERATION 

2.1  VISUAL  SCREENING  MODE  (FIGURE  4) 

The  generator  obtains  its  power  from  a  single  cylinder  two-cycle  engine  which  drives  an  integral  blower,  a 
burner  fuel  pump,  a  smoke  materia!  pump  and  an  electrical  generator.  The  engine  draws  its  fuel  from  a  five-gallon 
fuel  tank  that  is  part  of  the  generator.  The  Mower  provides  air  to  the  burner  (combustion  chamber)  and  provides  the 
force  to  expel  the  vaporized  sinoke  material  from  the  generator.  The  burner  fuel  pump  draws  from  the  Installed  five- 
gallon  fuel  tank  and  supplies  the  fuel  tank  and  supplies  the  fuel  under  pressure  to  the  burner  nozzle  in  the  combustion 
chamber.  The  generator  provides  electrical  power  to  the  capacitive  discharge  Igniter  which  provides  high  voltage  to 
the  spark  generator  near  the  burner  nozzle.  The  electrical  system  is  utilized  during  generator  startup  to  ignite  the 
burner  in  the  combustion  chamber.  Alter  burner  ignition  the  electrical  system  is  open  circuited  and  the  electric 
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gmerator  floats  in  an  unloaded  condition.  The  smoke  material  pump  draws  on  an  external  supply  tank  of 
smoke  material  and  supplies  the  smoke  material  under  pressure  to  a  manifold  of  six  nozzles  at.the  forward  end  of  the 
smoke  generator.  During  normal  operation  the  fuel  tank  will  provide  fuel  to  the  engine  and  burner  for  approximately 
one  hour.  This  is  approximately  the  same  period  that  a  55  gallon  drum  of  smoke  material  will  provide  smoke  material 
to  the  injection  nozzles.  While  the  burner  is  operating  a  portion  of  the  blower  air  flow  is  directed  around  the 
combustion  chamber  to  limit  external  burner  can  temperatures.  The  flow  of  smoke  material  being  vaporized  cools  the 
exhaust  tube  portion  of  the  generator.  As  the  mixture  of  hot  air  and  vaporized  smoke  material  leaves  the  generator, 
it  is  cooled  by  mixing  with  the  atmosphere  .producing  a  dense  white  smoke  which  is  dispersed  by  wind  and  other 
environmental  conditions  producing  the  smoke  screen. 

2.2  IR  SCREENING  MODE  (FIGURE  4) 

To  operate  the  XM'<9  Smoke  Generator  to  produce  an  IR  screen,  heat  is  not  required  nor  desired.  Therefore, 
the  generator  is  used  as  a  blower  and  the  burner  fuel  pump,  electric  generator  and  smoke  material  pump  idle  on  the 
line.  The  two-cycle  engine  draws  fuel  from  the  fuel  tank  and  drives  the  blower  which  blows  air  through  the  burner 
can, discharging  through  the  visual  smoke  discharge  tube.  Because  transfering  particles  (powder)  from  one  *-ontainer 
to  another  is  difficult  and  messy,  a  drum  head  discharger  was  designed  that  replaces  the  drum  head  of  the  screening 
material  shipping  container  (Figure  5),  and  is  clamped  in  position  in  the  same  manner  as  the  original  drum  head.  A 
flexible  tube  is  clamped  to  the  outlet  tube  of  the  generator  and  the  inlet  tube  of  the  drum  head  oischarger.  The  inlet 
tube  has  two  slide  valves  used  in  operation. 

Tne  upper  slide  valve  bypasses  the  airflow  from  the  generator  and  is  opened  while  the  engine 
blower  is  brought  up  to  operating  speed.  The  lower  slide  valve  admits  air  into  the  drum  to  allow  par- 
tides  to  be  blown  out  through  the  exit  port.  To  stop  particle  dispersion  the  lower  slide  valve  (inlet) 
is  closed  and  the  upper  slide  valve  (bypass)  is  opened. 


4.  CONCLUSION 


The  XM49  Smoke  generator  will  provide  a  capability  to  produce  smoke  screens  in  either  the  visual  or  IR  regions 
of  the  electro  magnetic  spectrum.  Thus.within  the  capability  of  the  smoke  materials, XM49  smoke  generators  can  be 
used  ro  selectively  screen  the  visual  region,  IR  region  or  both  regions. 
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Helicopter  Smoke  Countermeasure 
tirenade  -  Phase  H 


Joseph  A.  Domanlco 

Chemical  Systems  Laboratory,  ARRADCOM 
Aberdeen  Proving  Ground,  MD 

ABSTRACT 

A  technical  overview  will  be  presented  for  the  Helicopter  Smoke  Countermeasure  Grenade 
Exploratory  Development  Program.  Program  requirements  and  objectives  will  be  presented  for  both  the 
experimental  turret  launcher  and  the  latest  design  configuration  of  the  smoke  projectile. 

The  grenade  development  will  be  discussed  during  its  past  two  year  design  cycle.  Subsystem 
Interdependencies  wll",  be  shown  as  well  as  the  grenade’s  relationship  to  the  experimental  launching 
system.  Currently,  t.hls  launching  system  is  under  contract  to  the  Boeing  Aerospace  Company  by  Applied 
Technology  Laboratory. 

Future  potential  uses  for  the  unique  polyethylene  projectile  will  be  analyzed  for  other 
screening  applications  In  both  the  visible  and  Infrared  spectral  regions. 

1.  INTRODUCTION 

Chemlca’  Systems  Laboratory,  under  the  direction  of  Applied  Technology  Laboratory,  Is 
currently  Involved  In  exploratory  development  efforts  for  a  rotary  wing  aircraft  self-protection  smoke 
system.  Concurrently  with  this  effort,  Boeing  Aerospace  Company  Is  developing  a  compatible  turret 
launching  system,  also  under  the  direction  of  Applied  Technology  Laboratory. 


2.  DESIGN  REQUIREMENTS 


In  defining  the  objectives  for  the  program,  the  main  concern  was  to  place  the  emphasis  on  the 
characteristics  of  the  smoke  cloud.  A  general  description  of  those  characteristics  are: 


1.  Modified  paraboloid  shape. 

2.  Persistency  of  1  minute  in  zero  wind. 

3.  Cloud  frontal  size  of  30  meters  horizontal  and  50  meters  vertical. 

4.  Cloud  position  approximately  45  meters  forward  of  the  aircraft. 

5.  Extinction  coefficient  of  4.0  to  1.2  m^/gm  at  0.4  to  1.1  urn  wavelength. 

In  meeting  these  described  goals,  the  projectile  system  was  defined  with  the  following 
characteristics: 


1.  A  total  round  weight  equal  to  or  less  than  1.25  kg. 

2.  Red  phosphorus  as  the  smoke  agent. 

3.  A  projectile  body  of  which  only  20  percent  or  less  remained  unconsumed  by  the  burst. 

4.  Electrical  initiation. 

5.  A  total  projectile  volume  of  1100  cc. 
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6.  A  pyrotechnic  delay  train  of  1-3  seconds. 

3.  DESCRIPTION 

To  meet  the  above  requirements  and  Initial  design  criteria,  several  configurations  were 
fabricated  and  tested.  After  comparison  testing  of  these  several  designs  and  much  deliberation  by 
both  Chemical  Systems  Laboratory  and  Applied  Technology  Laboratory,  a  specific  design  was  chosen. 

The  projectile  geometry  chosen  was  a  cylinder  approximately  2.5  Inches  In  diameter  and  14  Inches 
long.  This  projectile  was  to  be  made  of  polyethylene  with  several  scorings  running  along  the  length 
of  the  projectile  to  aid  In  Its  break-up  upon  functioning.  The  final  configuration  chosen  was  a  two 
piece  projectile  which  was  a  mirror  Image  of  Itself  when  viewed  from  the  side.  The  ends  of  the 
projectile  halves  were  modified  so  that  when  they  were  Injection  molded  they  became  either  "male"  or 
"female".  The  use  of  a  standard  roll  thread  mechanism  allowed  the  two  halves  to  be  pressed  together 
to  construct  a  single  projectile.  Additionally,  a  fill  pluo  was  molded  Into  the  base  of  the  halves 
to  allow  the  projectile  to  be  filled  after  It  was  assembled.  This  was  added  to  allow  additional 
flexibility  In  the  design.  A  one-piece  thin  walled  and  scored  polyethylene  tube  ran  the  length  of  the 
projectile  and  was  held  In  place  by  the  mating  of  the  two  projectile  halves.  A  solid  polyethylene 
plug  with  the  identical  thread  as  the  pyrotechnic  fuze  was  placed  opposite  the  fuze  and  sealed  the 
burster  well  from  the  elements.  The  entire  projectile  was  fabricated  from  polyethylene  except  for  the 
aluminum  fuze  body. 

It  was  decided  to  furnish  each  projectile  with  It's  own  firing  tube  due  to  the  severe  rough 
handling  tests  which  anmunltlon  must  undergo  for  safety  certification  and  to  the  fouling  properties  of 
black  powder,  which  was  chosen  as  the  propellant.  This  tube  was  to  be  of  extruded  aluminum  and 
welded  to  an  aluminum  module  base.  This  module  base  possessed  a  straight  thru  female  thread  Into 
which  the  propulsion  unit  was  screwed. 


The  propulsion  unit  contained  a  high  firing  energy  Atlas  M-100  electric  match  connected  to  two 
concentric  brass  rings  located  at  the  outer  base  of  the  unit.  The  black  powder  was  also  contained  in 
this  unit.  The  unit  was  made  of  acrylic  rasin  plastic  rather  than  polyethylene  due  to  polyethylene  s 
poor  performance  when  used  with  adhesives. 
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Finally,  the  projectile  was  to  be  held  In  place  by  a  thin  walled  aluminum  disk  which  would  be 
fixed  In  place  with  an  RTV  type  of  cement. 

Additionally,  the  main  bursting  charge  for  the  red  phosphorus  smoke  fill  was  chosen  to  be  a 
modified  form  of  photoflash  powder.  Due  to  the  lack  of  a  safo  and  arr  device  durlno  this  stage  of  the 
development  process,  a  high  explosive  detonating  type  material  was  discarded  for  use  In  this  round. 

4.  THE  LAUNCHING  SYSTEM 


No  description  of  a  round  of  ammunition  Is  complete  without  a  description  of  the  associated 
launching  system.  The  current  configuration  of  the  launcher  designed  and  built  by  Boeing  Aerospace 
Company  Is  a  six  shot  design  which  shoots  in  a  variety  of  modes.  The  standard  mode  Is  to  fire  two 
rounds  (one  each  from  both  s<des  of  the  launcher)  to  produce  a  single  cloud  for  protection. 

To  increase  the  flexibility  of  the  system  to  meet  the  infinite  possible  needs  for  the  system, 
the  launcher  also  allows  the  operator  to  fire  1,  2,  4,  or  6  rounds  at  the  touch  of  a  button,  The 
lanucher  can  traverses  an  arc  of  270  degrees  (centered  to  the  front  of  the  aircraft)  and  may  be  jet¬ 
tisoned  In  the  event  of  a  malfunction  or  damage.  The  current  location  of  the  launcher  Is  on  the  under¬ 
side  of  aircraft,  forward  of  and  between  the  landing  skids.  The  low  profile  of  the  launcher  prevents 
damage  during  landing. 


5.  FUTURE  APPLICATIONS 


The  Helicopter  Smoke  Countermeasure  Grenade  System  has  aroused  Interest  from  other  areas  of  the 
smoke  community.  It  Is  currently  being  Investigated  as  a  potential  candidate  for  a  canopy  smoke  for 
secure  ammunition  sites,  and  as  a  vehicle  for  the  testing  of  smoke  material  In  other  than  the  visible 
spectrum. 

Added  Interest  has  also  arisen  since  this  projectile  was  fitted  with  a  low  Impulse  rocket 
motor  and  stabilized  with  flexible  fins. 
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LASER-INDUCED  SMOKE  GENERATION 

Richard  W.  Lapple 
USARRADCOM 

Aberdeen  Proving  Grounds,  Maryland 
ABSTRACT 

A  brief  outline  of  smoke  generation  for  Army  material  with  respect  to  laser-induced 
methods  is  presented  and  applied  by  means  of  solid  and  liquid-to-smoke  cannisters  in  combi¬ 
nation  with  radiation  cyclones. 

Benchscale  investigations  of  laser-induced  particle  emission  have  been  carried  out  and 
well-quantified  analytically  since  about  1962  (1-4).  Pilot  plant  investigations  involving 
study  of  laser  rockets  in  static  fire  has  gained  in  interest  since  about  1974  (5-10).  The 
basic  principle  of  laser-induced  smoke  generation  is  relatively  simple:  to  chemically  react 
laser  photons  and  suitable  smoke  agents.  The  net  result  for  static  or  rocket  munitions  is  at 
least  a  20%  to  30%  greater  smoke  agent  payload  with  a  far  more  economical  use  of  mass  and 
energy  than  chemical  propulsion  or  dissemination.  Binary  laser- induced  smoke  munitions 
involve  concurrent  development  of  injection  modules,  a  smoke  agent  eannister  and  a  radiation 
cyclone  eannister  (a  throttable,  self-contained  laser  energy  storage  battery) . 

1.  Smoke  Agent  Cannister 

The  translation  of  existing  technology  into  smoke  generation  is  rather  straight  forward 

as  far  as  concerns  smoke  agent  conversion  of  the  solld-to-smoke  or  liquid-to-smoke  types  as 

represented  in  figures  1  and  2,  respectively.  Atomization,  nozzle  operation  (hydraulic, 

pneuamtic  and  rotary  or  spinning  disk  atomizers)  and  dissemination  determine  liquid-to-smoke 

generation  performance  (11-14),  In  solid-to-smoke  generation,  Jets  of  very  high  velocity 

negative,  positive  and  neutral  species  are  jettisoned  as  a  result  of  intense  surface  besting; 

vapor  and  plasma  subsequently  expand  from  the  laser  interaction  sites.  Mass  spectrometric 

studies  have  found  typical  particle  velocities  at  100-70,000  m/s ec  for  laser  energy  densities 

2 

between  0.5  to  700  J/cm  .  By  studying  sites  of  laser-solid  interaction,  one  can  expect  up  to 
2 

15  gjn/cm  .sec  (4.1  Ib/sec  for  5  inch  diameter  projectile)  Jissemiiwt  ion  rates  for  volatile 

2 

substances  even  at  0.5  J/cm  ,  the  lowest  energy  density  studied  (15). 

2.  Radiation  Cyclone  Cannister 

The  development  of  the  radiation  cyclone  cannister  for  storage  of  laser  energy  represents  an 
advance  in  the  state-of-the-art  of  microminiaturization  of  energy  sources  and  requires  familiarity 
with  the  field  of  microphysical  and  translight  particle  mechanics  (16).  The  charge -to-mass  ratio 
of  the  photon  may  be  determined  from  small-angle  scattering  theory  and  from  the  principles  of 
microphysical  particle  mecltanics  (l’T): 

(1)  cot  d/2  =  D/b  D  =  Qep/!?-mpc2 

where  d  Is  the  angle  of  deflection,  b  Is  the  impact  parameter,  ep  is  the  charce  of  the  photon. 
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Figure  1.  (U)  Smoke  Cannister  or  Projectile 


Figure  2, 
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m_  is  the  mass  of  the  photon,  c  is  the  velocity  of  light  and  Q  is  the  charge  of  the  defleet- 

i 

1  ing  body.  In  a  spherical  electrostatic  field,  electrodynamics  determines  the  deflection  of 

I  light  as  (18)  : 

(2)  d  -  (4/c2)(e/m0)  (a')(Q/b) 

where  e  is  the  charge  of  the  electron,  m0  is  the  mass  of  the  electron  and  a'  is  on  experl- 
mental  shape  factor.  Comparison  of  (1)  and  (2)  yields: 

(3)  Bp/nip  ■  (2a')  (e/m0)  ®  e/m0 

)  This  result  was  suggested  and  measured  directly  by  Nobel  Physics  Laureate  Johannes  Stark  in 

|  his  experiments  on  the  electrical  deflection  of  light  in  1946,  Therefore,  the  radius  of  a 

I  cyclone  of  photons,  induced  by  means  of  a  permanent  magnetic  field  .  becomes: 

(4)  R  -  (c/B)  (e/mo)*1  -  3  x  10®/(5000  gauss  •  1.75  x  1011  ooul/kg) 

■  3 .4  mm 
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multispectral  absorption  and  scattering 
properties'  6f  an  experimental  chaff 
cDTOd 

J.  R.  Baskett,  et  al 
Delco  Electronics 
Goleta,  California  93017 

ABSTRACT1 

This  paper  suimiarlzes  a  program  to  establish  a  multlspectral  data  base  on  the  attenuation  proper¬ 
ties  of  a  chaff  like  material  produced  by  the  Naval  Weapons  Center  at  China  Lake,  CA.  The  properties 
of  the  chaff  cloud  were  examined  at  four  radar  and  two  laser  frequencies.  The  extinction  of  all 
wavelengths  was  resolved  into  absorption  and  scattering  losses,  and  the  Infrared  cloud  emission 
was  measured.  Both  the  experimental  method  and  the  data  are  summarized. 


An  abstract  on  this  subject  was  sent  for  consideration  for  presentation  at  the  Symposium,  but  was 
not  received.  Contractors  and  US  government  agencies  which  are  registered  users  of  OTIC  may 
apply  to  OTIC  on  OTIC  Form  1  for  paper  AD  C022866  (Secret)  (20  pages)  which  contains  the  material 
described  by  the  above  abstract.  Representatives  of  foreign  governments  should  apply  through 
their  emoassles.  DTIC  users  may  apply  on  Form  55  for  a  related  paper,  AD  C-22869-L  (Classified) 

(25  pages),  tlt’ed  'Radar  Absorbing  Chaff:  Material  ,’ropertles  and  Performance  at  Microwave 
frequencies"  by  S.  B.  Booling  of  M. I, T. /Lincoln  Laboratory  which  deals  with  the  system  Implications 
of  the  absorbing  chaff  material  characterized  by  the  preceding  paper.  It  Includes:  a  discussion 
of  the  material  properties,  a  model  for  Its  absorption  of  energy  between  3  and  94  GHz,  the 
geophysical  processes  which  affect  its  deployment  In  space,  and  suggestions  for  potential  applications. 
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TRAINING  SMOKE  CONSIDERATIONS  (MILES  SYSTEM ) 

Robert  H.  Frlckel 
Obscuration  Sciences  Section 
Physics  Branch,  Research  Division 
Chemical  Systems  Laboratory 
Aberdeen  Proving  Ground,  MD  21010 

ABSTRACT 

To  achieve  realism  during  training  it  is  desirable  to  operate  in  a  tactical 
screening  smoke  environment.  However,  conflicting  requirements  exist  between  training 
devices  and  tactical  realism.  For  example,  training  devices  that  utilise  lasers  for 
operation/communication  are  adversely  sffected  by  smoke.  It  has  been  suggested  that  a 
v i s lble - t o -1 n f rar ed  extinction  ratio  of  10:1  Is  sufficient  to  permit  the  Mechanised 
Infantry  Laser  Engagement  Simulation  (MILES)  system  to  operate  in  a  smoke 
environment.  Two  alternatives  exist  to  achieve  this  requirement:  (a)  modify  existing 
smokes  to  Increase  the  Infrared  transmission  or  (b)  modify  the  MILES  system  to  operate 
at  a  longer  wave  length.  The  current  MILES  system  operates  at  0.9  micrometers  (GaAs 
laser).  It  Is  shown  that  only  smokes  with  unusual  optical  properties  will  permit  this 
ratio  to  exist  for  the  current  MILES  system  operating  at  0.9  micrometers;  however,  by 
appropriate  particle  sl2e  control  of  current  smokes  (e.  g.  fog  oil  smoke)  this  ratio 
can  be  fairly  easily  achieved  for  systems  operating  at  wave  lengths  greater  than  1.5 
micrometers. 

1.  INTRODUCTION 


The  Mechanized  Infantry  Laser  Engagement  Simulation  (MILES)  system  Incorporates  a 
variety  of  simulated  weaponry  including  firearms  simulated  by  infrared  lasers  and 
detectors.  It  Is  desirable  to  use  this  system  for  training  in  smoke;  however,  the 
simulated  firearms  must  continue  to  function  in  the  smoky  environment  --  that  Is,  the 
smoke  must  attenuate  visible  radiation  but  not  that  at  the  laser  frequency.  A  10:1 
ratio  between  the  visible  and  infrared  extinction  coefficients  appears  to  be  suitable 


for  this  purpose. 


In  addition,  It  la  required  that  the  smoke  be  capable 


of  attenuating  visible  radiation  to  IX  of  its  initial  Intensity  In  a  35  meter  path. 
Using  these  criteria,  optical  properties  have  been  calculated  for  smoke  materials  at 
laser  wave  lengths  of  C.9  pm  (GaAs  system  now  in  use)  and  1.55  vm  (proposed  InCaAsP 
system). 


The  extinction  coefficient  a  is  the  ratio  of  the  total  optical  cross  section  of  a 
quantity  of  condensed-phase  aerosol  material  tr  its  mass.  It  Is  related  to  the 
transmitted  radiation  intensity  by 


where  I  Q  i  g  the  Is  the  Intensity  of  radiation  Incident  on  the  aerosol  cloud,  c  is  the 
mass  concentration  of  the  condensed  phase  material  of  the  aerosol  (henceforth  to  he 
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called  the  aerosol  or  the  aerosol  aaterlal),  and  I  is  the  Intensity  of  radiation 
after  It  has  travelled  a  distance  L  through  the  cloud.  The  optical  efficiency  Q 
Is  the  ratio  of  the  optical  cross  section  of  a  particle  (In  this  discussion  spherical) 
to  Its  geooetrlc  cross  cectlon.l  For  a  single  particle  (or  a  monodlsperse  aerosol) 
the  extinction  coefficient  Is  related  to  the  optical  efficiency  by  the  relation 


UNCLASSIFIED 

Index  (ratio  of  the  phete  velocity  In  free  apace  to  that  In  the  material)  and  k  la  a 


measure  of  absorption  (k  «  absorption  c oe f f 1 cien t  •  X / (4w ) ) . 

2.  RAYLPIGH  CALCULATIONS 


Assuming  that  the  particles  are  small,  some  Ides  of  the  possibilities  Involved  can 
bn  derived  from  relatively  elmple  calculations  based  on  Rayleigh  mattering  and 

absorption'.  Let  us  assume  for  this  purpose  that  the  Index  of  refraction  of  the 
atrjiol  material  Is  the  same  for  the  laser  frequency  as  for  the  lalble.  The 

extinction  coefficients  for  a  material  of  complex  refractive  Index  m  ■  (n,k)  are 


6) 


6« 


abs 


a2-l ) 


and 


7) 


a 

sea 


“2~1  2 
X"  m2  +  l 


for  absorbers  and  scatterers  respectively2.  The  extinction  coefficient  ratios  (XCK) 
r.bs  *nd  r6c,  therefore 


8) 


abs 


for  absorbers  and 


9) 


x“ 

ir 

X* 


vis 


for  scatterers.  The  wave  length  Xvi,  ranges  from  0.4  to  G.7  urn;  hence  for  absorbing 
smokes  the  XCR  ranges  from  1.3  to  2.3  for  the  GaAs  (0.9-ym)  system  and  from  2.2  to  3.9 
for  the  InCaAsF  (1.55-um)  system.  Por  scatterers,  the  ranges  are  2.7  -  25.6  and  24  - 
225  respectively.  An  "average”  XCR  can  be  found  by  integrating  over  the  visible  range 
for  a  given  Infrared  wave  length: 


10) 


7  -  /*?X.  /X^JX  /  fl\  -  14.12  X" 

.4  lr  .4  lr 
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for 

X 

■  0 , 9ii  m 

ir 

for 

X 

■  l.iSum 

ir 

(It  should  be  noted  that  this  Integration  Is  valid  only  for  dilute  smokes.  The  wave¬ 
length  integrated  extinction  coefficient  is  reduced  at  higher  concentrations  unless 
x  Is  Independent  of  the  wavelength. 3 )  From  these  considerations  It  would  appear 
that  a  non-absorbing  smoke  satisfactory  for  a  1.5-um  system  should  be  fairly  readily 
available;  however,  for  the  0.9-pm  system  the  XCR  would  have  to  be  enhanced  by  suitable 
variation  of  the  refractive  index  with  wave  length.  Figure  1.  shows  the  variation  of 
the  dimensionless  product  aX^p/D3  with  n  for  non-absorbers.  Since  attenuation 
Increases  with  n,  one  might  hope  to  achieve  the  10:1  XCR  by  using  a  material  whose 
refractive  index  decreases  with  increasing  wave  length.  This  la  not  an  unusual 

phenomenon . 


From  the  visible  attenuation  requirement  and  considerations  on  coagulation  some 
inferences  can  be  made  regarding  particle  size  requirements.  A  smoke  whose  particle 
number  density  N  is  substantially  greater  than  10l2/n|3  coagulates  rapidly  enough  that 
the  particle  size  of  the  smoke  changes  in  minutes.4  Let  us  therefore  assume  a  maximum 
N  of  1 0 1 2 / m  3  anj  calculate  the  particle  diameter  necessary  to  meet  the  attenuation 
requirement.  The  requirement  la 

12)  I/I  -  e'acL  <  0.01 

c 

We  will  (now  and  hereafter)  assume  an  aerosol  material  density  of  1  g/cm^.  Then 

13)  ac  >  1-3g0il  -  0.1316/m 

Inequality  13)  can  be  written 

14)  F  ’N*  "p(D/10"  )3  >  0.1316 

X-p  8ca  6 

where  F  »  (see  eq .  6).  Then 

aca  I  I 
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FIGURE  1.  DIMENSIONLESS  SCATTERING  COEFFICIENT  o\*p/D*  VS  n  FOR  NON-ABSORBERS 


k 


FIGURE  2.  SCATTERING  FACTOR  F^,  VS  k  FOR  VARIOUS  VALUES  OF  n. 
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Figure  2.  shows  F  s  ee  •  function  of  k  for  values  of  n  ranging  from  1  to 

n  is  restricted  to  values  >  1 ,  F_  <  1.89,  and  since  to  q  101J, 

8  ca  * 


D  >  (  0 . 1  3  1  6* — — X1*  i£ii  )1/6  > 

2.5  N’JcaJ 


0. 264l‘ 


end  the  site  parameter  x  (■» D/X)  Is  governed  by 


„  , 0. 1316  3  ,1/6  v 

x  *  l - • — —J  >  0.831  /X 

1.89  2.5 


Table  I.  shows  the  particle  diameter  and  site  parameters  necessary  for  Rayleigh 
acacterers  to  meet  the  visible  attenuation  requirement. 


TABLE  I.  RAYLEIGH  SCATTERING  PARTICLE  SIZES 

If  1  ,  *  D>  and  x> 

vis 

0.4  0gm  0.14pm  1,13 

0.55  0.18  1.01 

0.70  0.21  0.94 


A  similar  calculation  for  absorbing  particles  yields 


’  /  3 

0  .2421 


x  >  0.759/1' 


taking  Into  account  that  for  n  >  1  the  maximum  val^  taken  by  I  m  (  (m2  - 1  )  /  ( in2 +2  )  )  is 

; 

0.944  (see  Figure  3).  Table  II.  shows  the  resulting  requirements  or.  D  and  x. 


TABLE  II.  RAYLEIGH  ABSORPTION  PARTICIF.  SIZES 
If  1  ,■  D>  and  x> 


0.40pm  0.18pm  1.40 
0.55  0.20  1.13 
0.70  0.21  0.96 
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If  the  Initial  number  density  of  the  cloud  were  10l3/m3,  the  required  particle 
diameters  for  acatterars  would  be  reduced  from  those  shown  in  Table  I.  by  a  factor  of 
0.7  but  the  particles  would  quickly  coagulate  to  diameters  about  1.3  times  those  shown 
In  the  table;  for  absorbers  the  required  particle  diameters  would  be  about  half  those 
shown  In  Table  11.,  and  the  particles  would  quickly  coagulate  to  the  sites  shown  In 
that  table. 

The  values  of  x  Hated  In  Tablet  I.  and  II.  show  that  particles  large  enough  to 
meet  the  attenuadon  requirement  are  really  too  large  to  be  considered  Rayleigh 
scatterers  or  absorbers.  Thus,  although  general  conclusions  reached  In  this  section 
are  correct,  more  precise  calculations,  particularly  those  on  requirements  for  the  0.9- 
ua  system,  must  be  done  via  Mle  theory. 


3.  LARGE  PARTICLES 


Before  examining  the  results  of  Mle  calculations,  let  us  consider  particles  large 
enough  to  warrant  geometric  approximation.  For  such  particles  the  efficiency  factor  Q 
(optical  cross  sec t lon/geome tr lc  cross  section)  Is  2.  From  equation  2. 


19) 


a  ,  In 
vis  ir 


Qvls/Qir 


Furthermore,  the  contribution  to  Q  consists  equally  of  blockage  of  radiation  falling 
directly  on  the  particle  and  diffraction  due  to  disturbance  of  the  Incident  wave  front; 
the  deflection  angle  for  the  diffracted  radiation  Is  small  and  the  diffracted  radiation 

may  appear  to  the  observer  to  be  undisturbed.5  Hence  the  effectlve  *fflclency  llea 

between  1  and  2,  ar.d  Is  closer  to  1  for  the  visible  than  for  the  Infrared,  since  the 

size  parameter  s  d  /  X  is  larger  for  the  smaller  wave  length,  making  the  effect  more 

pronounced;  therefore  the  effective  XCF  r  “  Q  / Q  Is  less  than  1.  Clearly  large 

vlslr 

particles  are  useless  In  this  context. 
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In 

order  to 

confirm 

the 

results  of 

section 

2.  and  investigate 

the  optica' 

properties 

necessary 

to  meet 

the 

attenuation 

and  XCR 

requirements  in  the 

case  of  the 

0. 9-pm  system,  a  aeries  of  calculations  based  on  Mle  theory^,?,®  has  been  made.  It  Is 

assumed  that  the  smoke  consists  of  spherical  particles  whose  diameters  are  log-normally 

distributed,  usually  with  c  m  1.4;  optical  constants  are  specified  which  may  be 

8 

different  In  the  Infrared  from  those  In  the  visible;  and  the  extinction  coefficients, 
averaged  over  the  size  distribution  and  averaged  photopically  over  the  visible 
spectrum,  along  with  the  resulting  XCR's,  have  been  calculated  and  plotted  for  mass 
median  diameters  from  0.005  to  1.0  pm. 


The  mass  concentration  of  a  log-normally  distributed  aerosol  whose  number 
concentration  is  N  Is  given  by 

-»( 1  no  )2 

2  0)  c  -  N-^Dle  1  8 


whence  Inequality  14.,  expressing  the  visible  attenuation  requirement, 
may  be  rewritten 


21) 


0.1316 


6e 


7(lnog)2 


iNoD3 
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4.1  REFRACTIVE  INDEX  EQUAL  IN  VISIBLE  AND  INFRARED 


Figure  4.  displays  the  minimum  value  of  the  extinction  coefficient  meeting  this 

requirement  as  a  function  of  HMD  for  various  values  of  o^.  Figure  5.  displays  the 

extinction  coefficients  for  the  visible  and  Infrared  and  the  XCR  vs  HMD  for  aerosols 

with  o  •  1.4,  composed  of  non-absorbing  material  with  a  typical  refractive  Index 
8 

(nal.S)  which  Is  taken  to  be  the  same  in  the  visible  and  near  infrared.  In  this  and 
subsequent  plots  the  short-dashed  line  represents  the  visible  extinction  coefficient, 
the  long-dashed  line  represents  the  Infrared  extinction  coefficient,  and  the  solid  line 
represents  the  XCR.  Comparison  with  the  •  1.4  curve  in  Figure  4.  shows  that  amokes 
with  HMD  less  than  about  0.39  urn  do  not  meet  the  visible  attenuation  requirement. 
Smoke  with  HMD  less  than  0.5  um  meet  both  the  attenuation  and  XCR  requirements  for  the 
1.55-pm  system.  No  smoke  with  this  refractive  index  meets  the  XCR  requirement  for  the 
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Figure  6.  dleplaye  the  XCR  and  the  visible  extinction  for  no n-a ba or  be r a  with 
refractive  Indices  of  1.2,  1.33,  2,0,  3.0,  and  5.0.  Note  that  the  zero-diameter  limit 
of  the  XCR  la  the  same  for  all  values  of  n  for  a  given  Infrared  wave  length,  as 
required  by  equations  10  and  11.  The  actual  values  differ  from  those  In  equation  11. 
because  here  the  integration  was  photopic.  Comparison  with  Figure  4.  again  discloses 


the  minimum 

HMD 

for 

which  the  attenuation 

criterion 

Is 

met,  and  the 

XCR 

curves  in 

F lgure .  6. 

show 

th# 

maximum  HMD  for  which 

the  XCR 

is 

greater  than 

10. 

The  XCR 

requirement  Is  not  met  for  the  0.9-ura  system  for  any  HMD  for  aerosol  materials  whose 
rifactlve  Index  Is  less  than  3,  the  two  requirements  are  not  net  simultaneously  for  any 
refractive  index  for  this  system.  The  two  requirements  are  met  simultaneously  for  the 
1.55-um  system  for  a  rather  narrow  range  of  MMD's  (marked  with  an  asterisk)  which 
varies  with  the  refractive  Index  and  which  disappears  for  n>  3 .  These  results  are 
displayed  In  Table  111. 


TAB1  t 

III  . 

HIE 

RESULTS 

WHEN  R1 

•  R1  . 
lr  vis 

0.9-i 

urn  system 

1  . 5  3-um 

system 

n 

0  . 
min 

D 

AftX 

D  . 
min 

D 

max 

1.2 

0,59 

W  m 

— 

*0.59  urn 

0.72  pm 

1.33 

0.46 

— 

*0,46 

0.59 

1.3 

0.39 

-• 

*0,39 

0.50 

2.0 

0.30 

-- 

*0.30 

0.37 

3.0 

0,27 

0e  1  1 

0.27 

0.27 

4.0 

0.30 

0.10 

0.30 

0.20 

5.0 

0.30 

Oe  10 

0.30 

0.  IS 

Figures  7.  end  6,  display  the  visible  extinction  and  the  XCR  for  absorbing 
particles  for  which  mir  •  t<vls>  n  "  1,3  *nd  2,0  respectively,  and  k  takee  on  values 
from  0  (non-absorber )  to  1  (very  strong  sbaorher).  It  Is  seen  thet  for  small  k  the 
zero-diameter  limit  of  the  XCR  drops  from  the  Rayleigh  scattering  ratio  1*^  to  the 
Rayleigh  absorption  ratio  ^ir^vls  ch*  r**c  of  the  XCR  curve  Is  almost  the  same 
aa  for  the  non-absorber .  As  k  Increases  the  zero-diameter  XCR  limit  doss  not 
change,  but  mors  and  more  of  the  XCR  curve  drops  below  the  k-0  curve.  Very  strongly 
absorbing  aerosols  do  not  meet  ''e  XCR  requirement  even  for  the  1.55-yn  system. 
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FIGURE  7.  EXTINCTION  COEFFICIENT  &  XCR  VS  MMD  FOR  VARIOUS  VALUES  OF  k; 

n  ■  1.6,  fTiyjj 
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FIGURE  8.  EXTINCTION  COEFFICIENT  &  XCR  VS  MMD  FOR  VARIOUS  VALUES  OF  k 
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4.2  SCATTERERS  WITH  UNEQUAL  REFRACTIVE  INDICES 


The  XCR  Increases  when  nVig  becomes  larger  than  ntr*  Figure  9.  shows  for  a  non- 
absorbing  smoke  how  the  XCR  increases  with  nylg  when  nlr  -  1.5,  while  at  the  same  time 
the  particulate  diameter  corresponding  to  the  minimum  extinction  coefficient  meeting 
the  visible  attenuation  requirement  decreases,  so  that  the  usable  HKD  Interval  for  the 
1.55-pm  system  becomes  larger,  and  when  nvis  "  2.0  a  small  usable  HMD  interval  appears 
for  the  0.9-wol  system.  Figures  10.  and  1'.  show  the  result  of  decreasing  nJf  t0  1.33 
and  1.2  respectively  when  ny^g  -  1.5.  When  njr  ■  1.33,  both  requirements  are  never 
simultaneously  met  for  the  0.9-um  ay-.tem;  when  nir  “  1*2,  a  usable  HMD  interval 
appears.  The  effect  of  enhancement  of  the  XCR  by  increasing  nylg  js  8hown  shown  In 
Table  IV.  (Note  that  where  D0in>  Dasx>  there  La  usable  HMD  interval.) 


TABLE  IV.  MIE  RESULTS  WHEN  RIyls  >  Rllr 


n 

n 

0. 9-pm 
D 

system 

D 

1 . 5  5-um 
D 

sy  s  tei 
D 

vis 

ir 

min 

max 

min 

max 

1.5 

1.5 

0.39  um 

— 

*0.39 

u*0, 50 

1.6 

1.5 

0.36 

-- 

*0.36 

0.54 

1.7 

1.5 

0.34 

0.19 

*0.34 

0.55 

1.8 

1.5 

0.32 

0.25 

*0.32 

0.56 

1.9 

1.5 

0.31 

0.29 

*0.31 

0.55 

2.0 

1.5 

*0.30 

0.31 

*0.30 

0.55 

2.0 

2.0 

0.30 

_ 

*0,30 

0.37 

2.0 

1.5 

*0.30 

0.31 

*0.30 

0.55 

2.0 

1.33 

*0.30 

0.44 

*0.30 

0.70 

2.0 

1.2 

*0.30 

0.63 

*0.  30 

>1.0 

1 .  5 

1  .33 

0.39 

0.24 

*0.  39 

0.74 

1.5 

1.2 

*0.39 

0.63 

*0.  39 

0.71 

1 . 33 

1.2 

*0.46 

0.33 

*0.46 

>1.0 

4.3  EFFECT  OF  ABSORPTION  IN  THE  VISIBLE 

i 

I 

Another  possible  way  to  enhance  the  XCR  is  to  make  the  aerosol  material  absorbing  in 
•  the  visible  but  not  In  the  Infrared,  perhaps  by  adding  a  dye.  Figure  12.  shows  the 

i  result  of  introducing  moderate  absorption  in  the  visible  when  r  ■  1.33;  here  k  • 

.01,  corresponding  to  an  absorption  coefficient  of  about  2300/cm.  When  the  MMD  > 

')  0.2  urn, the  curves  are  nearly  the  same  as  for  the  corresponding  non-absorber.  For 

smaller  particles  the  absorption  comes  into  play;  the  visible  extinction  coefficient 
attains  the  Rayleigh  absorption  limit  at  MMD  “  0,  causing  the  XCR  curve  to  become 
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FIGURE  11.  XCR  FOR  nvjf  >  njr;  nvj|-1.5,  njf-1.2 
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unlimitedly  large,  since  che  Infrared  extinction  Is  due  to  scattering  and  goea  to  eero 
as  the  MMD  goes  to  zero.  This  effect  takes  place  only  when  the  aerosol  particles  are 
too  small  to  meet  the  visible  attenuation  requirement;  a  more  strongly  absorbing 
material  oust  be  used  to  achieve  a  usable  MMD  Interval.  Figures  13.  displays  the  XCR 
and  visible  extinction  curves  for  various  values  of  the  of  kvi8  for  njr  »  nvi8  ■ 
1.33.  It  can  be  seen  that  the  effect  of  absorption  on  the  XCF  and  the  extinction 
coefficient  does  not  become  Important  for  particles  larger  than  0.2  um  until  the 
absorption  becomes  very  strong  (kvis"  t0  '*0)*  The  usable  MMD  intervals  broaden 

as  '‘vis  Increases,  but  for  the  0.9-pm  system  a  usable  interval  appears  only  for 
k«1.0.  These  and  similar  results  for  n  ■  1.5  and  n  •  2.0  are  summarized  In  Table 

V.  Note  that  no  usable  MMD  Interval  appears  for  the  9-pm  system  for  n  *  1.5  or  2.0. 


TABLE  V.  M1E  RESULTS  FOR  ABSORPTION  IN  THE  VISIBLE  (nvis-nir* 


0.9-pm  system  1.55-um  system 


n 

k  v  1  a 

Dmi  n 

Dmax 

Dmin 

Dmax 

1.33 

0.0 

0.46  pm 

*0.46  pm 

0. 59 

1.33 

0.001 

0.46 

0.  05 

*0.46 

0.59 

1  .  33 

0.01 

0.46 

0.1  1 

*0 . 46 

0.59 

1 .  33 

0.1 

0.44 

0.23 

*0.44 

0.60 

1  .  33 

1.0 

0.32 

0.  39 

*0.32 

0.67 

1.5 

0.0 

0.39 

__ 

*0.39 

0.50 

1.5 

0.001 

0.39 

0.04 

*0.39 

0.50 

1  .  5 

0.01 

0.39 

0.09 

*0.39 

0.49 

1  .  5 

0.  1 

0.38 

0.  18 

*0.38 

0.48 

1  .  5 

1 .0 

0.32 

0.29 

*0.32 

0.51 

2.0 

0.0 

0.30 

_ 

*0.30 

0.  37 

2.0 

0.001 

0.30 

0 , 0  3 

*0. 30 

0.37 

2.0 

0.01 

0.30 

0.06 

*0. 30 

0.36 

2 . 0 

0. 1 

0. 30 

0.  1  3 

*0.  30 

0.35 

In  Table  IV,  It  was  seen  that  for  nvjg"1.5  reducing  njr  to  1.33  did  not  produce  a 
usable  MMD  Interval.  Figure  14.  shows  the  effect  of  absorption  in  the  visible  In  this 
situation.  Again  It  Is  seen  that  unless  k  Is  very  large,  the  absorption  effect 
appears  only  for  particles  too  small  to  meet  the  visible  attenuation  requirement. 
Table  VI.  summarizes  the  results  depicted  In  Figure  14.  and  also  for  nvig"  2-0, 
nlr-  1  .  5  .  In  the  latter  case  the  effect  of  very  strong  absorption  Is  to  destroy  the 

small  usable  MMD  Interval  present  when  k  Is  small. 
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TABLE  VI.  MIE  RESULTS  FOR  ABSORPTION  IN  THE  VISIBLE  (nvik>nir) 


o 

1 

r 

9 

system 

1 . ' 5-p  m 

system 

nv  la 

"  lr 

Dm  1  n 

Dmax 

Dmln 

Dma  x 

1.33 

1.2 

0.0 

0.46  urn 

0.33  pm 

*0.46  pm 

>1.0  pm 

0.001 

0.46 

0. 34 

*0.46 

>1.0 

0.01 

0.46 

0.36 

*0.46 

>1.0 

0.1 

*0.44 

0.46 

*0.44 

>1.0 

1.0 

*0.32 

0.59 

*0.32 

0.99 

1  .  5 

1.33 

0.0 

0.39 

0.24 

*0.39 

0.74 

0.001 

0.39 

0.24 

*0.39 

0.74 

0.01 

0.39 

0.25 

*0.39 

0.73 

0.1 

0.38 

0.31 

*0.38 

0.70 

1.0 

*0.32 

0.39 

*0.32 

0.68 

2.0 

1  .  5 

0.0 

*0.30 

0.31 

*0.30 

0.55 

0.001 

*0.30 

0.31 

*0.30 

0.55 

0.01 

*0.30 

0.31 

*0.30 

0.55 

0.1 

0.30 

0.30 

*0.30 

0. 54 

1.0 

0.31 

0.30 

*0.31 

0.51 

Consideration  of  the  effect  of  absorption  has  shown  that  In  order  to  be  useful, 
the  absorption  must  be  very  strong.  So  far  only  the  effect  of  absorption  over  the 
whole  visible  spectrum  has  been  considered.  The  effect  of  strong  absorption  over  part 
of  the  visible  spectrum  la  displayed  In  Figure.  15.  Here  the  central  portion  of  the 
spectrum  Is  assumed  to  be  strongly  absorbing;  since  the  photoplc  response  of  the  eye 
has  been  taken  Into  consideration  In  Integrating  over  the  visible  spectrum,  the  effect 
of  absorption  In  the  center  of  the  spectrum  Is  greater  than  at  the  red  or  violet 
end.  Absorpclon  over  the  central  402  of  the  spectrum  (curve  B)  yields  results  that 
are  almost  the  same  as  for  absorption  over  the  whole  spectrum  (curve  A).  Absorption 
over  only  the  central  152  of  the  spectrum  lowers  the  XCR  and  visible  extinction  curves 
enough  that  for  the  0.9-um  system  the  usable  HMD  Interval  Is  eliminated.  The  results 
of  these  and  similar  calculations  for  n  ■  1.33,  kvl#  «  1  are  shown  In  Table  VII. 


TABLE  VII.  SPECTRAL  ABSORPTION 


0 . 9-p  m 

sys  tern 

1 . 55-pm 

system 

*  a  bs 

®mln 

Dmax 

Dml  n 

cmax 

— 

0.46  pm 

— 

*0.46  pm 

0.59  pi 

.  5 3 - .  58  pm 

0.40 

0.31 

*0.53 

0.64 

.  58-.  63 

0.42 

0.28 

*0.42 

0.64 

. 58-. 70 

0.41 

0.30 

*0.41 

0.65 

. 53-. 68 

*0.34 

0.37 

*0.34 

0.67 

. 48-. 63 

*0.33 

0.38 

*0.33 

0.67 

.43-. 58 

0.37 

0.34 

*0.37 

0.64 

.40-. 53 

0.44 

0.25 

*0.44 

0,61 

.40-. 70 

*0.32 

0.  39 

*0.32 

0.67 
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Note  chat  absorption  even  over  40X  of  the  spectrum  doe*  not  produce  a  usable  HMD 
interval  for  the  0.9-pm  system  except  when  the  ebeorptlon  Interval  Is  in  the  central 

portion  of  the  apectrur.  For  the  1.55-um  system  reducing  the  absorption  Interval  to 

402  of  Che  spectrum  shortens  the  usable  HMD  Interval  by  varying  degrees  depending  on 
which  portion  of  the  spectrum  Is  absorbing,  because  of  the  nature  of  the  photoplc 

rasponee  curve. 

It  should  be  pointed  out  again  that  the  result  of  Integration  over  wave  length 
depends  on  the  cL  product  over  which  attenuation  takes  place.  Integration  of  the 
form  /a(X)dX  uaed  •  In  section  2.  or  /a(X)p(X)dl  (where  the  Integral  la  weighted 

photoplcally )  uaed  In  thla  section,  Is  accurate  only  when  e~ac*-  Is  close  to  unity. 
Otherwise  the  correct  Integration  yields  smaller  values  for  the  Integrated  extinction 
coefficient  because  chose  wave  lengths  where  the  extinction  is  lowest  are  moat  strongly 
represented  In  the  transmission  spectrum.  This  means  that  when  the  extinction 

product  act  la  not  small,  the  vave~length~integrated  values  for  spectral  absorption 
given  here  for  the  visible  era  too  large  and  the  resulting  XCR  values  are  optimistic. 

4.4  VARIATION  OF  o 

Calculations  heretofore  have  been  made  using  particle  else  distributions  whose 
breadth  la  defined  by  a*  «  1.4,  because  this  Is  the  "quasi-stable"  value  allegedly 

stable  with  reelect  to  coagulation,  and  la  consistent  with  the  data  obtained  In 
experimental  work  done  In  the  C8L  Obscuration  Sciences  Section.  The  calculated  values 
of  the  extinction  coefficient  and  the  XCR  depend  on  the  value  of  o^,  as  shown  by  Figure 
16.  and  Table  VIII,,  results  being  less  satisfactory  for  broader  distributions, 

TABLE  VIII.  EFFECT  OF  VARIATION  OF 

Xlr*0.9um  Xlr-  1,55  pm 


"via 

"lr 

D«1  n 

Dmax 

Dmln 

Dmax 

1.5 

1. 13 

1.2 

0.35 

Hu  0.21  urn 

*0.35 

urn  0,78  wm 

1.4 

0.  19 

0.23 

*0.39 

0.74 

1.7 

0.50 

0.16 

*0.50 

0.65 

2.0 

0.72 

0.10 

0.72 

0.57 

2.0 

1.5 

1.2 

*0.26 

0.35 

*0,26 

0,55 

1.4 

*0.30 

0.31 

*0.30 

0.55 

1.7 

0.42 

0.23 

*0.42 

0,52 

2.0 

0.63 

0.17 

0,63 

0,47 
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5.  OTHER  POSSIBILITIES 

This  study  ha*  considered  only  aerosols  composed  of  spherical  particle*  with 
"normal”  values  of  the  refractive  Index,  i.e.,  having  n  >  1.  An  Investigation  might 
be  made  on  the  use  of  metals  or  other  materials  with  unusual  optical  properties. 
Aerosol  particles  with  shapes  other  than  spherical  might  be  considered.  A  study  of 
Rayleigh  sited  rods  and  flakes  (represented  by  prolate  and  oblate  ellipsoids)  could  be 
relatively  easily  accomplished. 

6.  CONCLUSIONS 

On  the  basis  of  these  calculations  certain  conclusions  can  be  drawn  regarding  the 
use  of  aerosol*  composed  of  spherical  particles  with  ordinary  Indices  of  refraction 
(n  >  1)  In  the  MILES  tystemi 

1.  For  materials  whose  complex  Index  of  refraction  does  not  very  appreciably 

between  the  visible  and  the  near  Infrared,  a  somewhat  restricted  rang*  of  HMD  (which 
depend*  on  the  refractive  Index)  can  be  found  which  will  meet  the  requirements  on  both 
visible  attenuation  and  the  extinction  coefficient  ratio  for  the  (proposed)  1.35- 

urn  system,  but  the  lOil  XCR  cannot  b*  obtained  for  the  current  0.9-wm  system. 

2.  This  unsatisfactory  situation  1s  exacerbated  If  the  aerosol  material  1*  an 
absorber. 

3.  ,If  the  aerosol  material  Is  non-absorbing,  the  usable  HMD  rang*  for  the 

1.53-um  system  1*  broadened  and  a  usable  rang*  appears  for  the  0.9-pm  system  if  nvi*  1» 
sufficiently  greater  than  nir  • 

A.  If  nvlf  and  rjr  are  equal  or  not  sufficiently  different  to  produce  a  usable 
1 0 1 1  XCR,  this  ratio  may  be  achieved  If  the  aerosol  Is  made  very  strongly  absorbing 

over  all  or  most  of  the  visible  epectrum.  A  moderate  absorber  does  not  help. 

3.  Particles  large  enough  to  be  considered  geometric  scstterers  are 
unsatisfactory. 

6.  The  XCR  is  adversely  affected  if  the  particle  site  distribution  1*  broad. 

7,  Unusual  refractive  Indices  and  non-* pher 1 ca 1  shapes  should  be  considered. 

6.  The  use  of  la  ear /de  t  ac  t  or  wave  lengths  longer  than  0.9  pm  for  the  MILES 

syotem  should  be  considered. 
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ABSTRACT 

The  effect  of  smoke  in  the  execution  of  small  unit  tactics  is  examined.  Use  is  made  of  the 
Small  Unit  Tactics  Training  Simulation  (SUTTS)  and  the  Line-Of-Sight  Blockage  (LOSB)  model  to  examine 
the  Impact  of  smoke  on  the  execution  of  small  unit  tactics.  A  series  of  company  level  tactical 
scenarios,  executed  both  with  and  without  smoke,  are  described.  Outcome  of  these  scenarios,  carried  out 
as  man-ln-the-loop  exercises  using  the  SUTTS  and  LOSB  models,  are  presented.  Insights  into  the 
tsctical  and  doctrinal  use  of  smoke  gained  from  the  investigation  are  discussed. 

1.  INTRODUCTION 

The  effect  of  smoke  on  small  unit  tactics  is  Investigated.  A  combination  of  two  models,  the 
Small  Unit  Tactics  Training  Simulation,  described  in  Section  2,  and  the  Llne-Of-Slght  Blockage  Model, 
described  in  Section  3,  were  combined.  Company  sited  attacks,  both  with  and  without  smoke,  were  simu¬ 
lated.  The  conduct  of  the  experiment  is  described  in  Section  A.  Preliminary  results  based  on  limited 
data  are  presented  in  Section  5. 


2.  SUTTS  MODEL 


The  Small  Unit  Tactics  Training  Simulation  (SUTTS}  la  a  micro-computer  based  conflict  simula¬ 
tion  designed  for  use  in  training  company  and  platoon  level  tactics.  This  is  a  one-sided  simulation  - 
the  enemy  force  is  "played"  by  the  program  itself.  SUTTS  is  designed  to  allow  players  to  exerclne  simu¬ 
lated  command  down  to  platoon  level. 


SUTTS  incorporates  an  analytical  terrain  model.  Indeed,  that  is  one  of  the  chief  advantages 
of  SUTTS  -  that  it  may  be  easily  modified  to  incorporate  terrain  of  an  individual  nature  for  each  unit* 
to  be  trained.  In  essence,  the  simulation  can  use  any  local  terrain  to  enhance  any  pre-field  training. 
The  terrain  used  in  this  simulation  ia  taken  from  a  tank  training  area  in  Germany. 

One  of  the  advantages  of  the  analytical  terrain  model  Is  the  ease  of  performing  line-of -sight 
calculations,  With  an  analytical  terrain  model,  line-of-alght  blockage  determinations  can  be  performed 
In  an  analytical  manner.  This  facilitates  subsequent  calculations  for  the  smoke  model. 
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Movement  and  firing  Is  conducted  by  the  personnel  being  trained.  They  determine  where  (or  at 
least  In  what  direction)  they  will  move  their  unite.  If  a  target  le  "seen,"  a  Monte  Carlo  tcheue  la 
used  to  determine  who  shoots  first.  The  current  version  of  the  model  does  not  Incorporate  either 
search,  nor  recognition.  That  Improvement  Is  planned,  however. 

The  outcome  of  engagements  la  determined  by  Monte  Carlo  calculation.  This  calculation  incor¬ 
porates  a  probability  of  hit  (versus  range)  and  a  probability  of  kill  (versus  target  type).  Elaborate 
factors  such  as  actual  target  size,  presentation,  and  armor  thickness  do  not  enter  Into  the  model. 
Indirect  fires  also  have  a  dispersion  associated  with  them. 

The  enemy  forces  are  largely  predetermined  since  they  must  be  controlled  by  the  simulation  In 
response  to  the  actions  of  the  players.  This  predetermination  would  seem  to  provide  the  players  with 
an  advantage  In  the  offense  -  they  could  try  to  out  wait  a  preprogrammed  (at  a  specific  time)  withdrawing 
enemy  -  except  for  the  requirement  to  the  players  to  act  as  rapidly  as  possible.  While  this  defect  can¬ 
not  be  corrected  In  the  computer  operating  memory  (48K)  available  to  the  version  to  be  fielded,  an 
Improved,  more  responsive  enemy  will  be  Incorporated  In  this  test  bed  version  (480K) , 

During  normal  training  execution,  the  trainees/ players  are  prebriefed,  allowed  to  formulate 
overall  plans, and  separated  to  use  the  simulation.  Usually,  each  player  commands  a  platoon  sized  unit 
and  is  allowed  to  communicate  with  the  other  players  via  a  telephone  -for  a  limited  time.  This  pro¬ 
cedure  was  altered  for  this  exercise. 

K  complete  description  of  SUTTS  is  given  in  Reference  1. 

3.  LOSB  MODEL 


The  Llne-Of-Slght  Blockage  model  is  s  parametric  obscuration  r  .  The  model  represents  the 
effective  blockage  area  of  a  single  munition  obscurant  a*  a  function  of  time  by  parameterialng  time 
direction  relative  to  llne-of-aight  (i.e.,  head/tall,  quartering,  or  crossing),  spectral  band  (visible, 
near,  mid,  or  far  XR) ,  meteorology  (neutral,  lapse,  or  inversion),  and  wind  speed  (5,  10,  or  15  knots), 
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The  effective  blockage  area,  because  of  the  nature  of  the  preparaneteritatlon  -model  can  be, 
represented  by  a  half  ellipse.  The  model  represents  the  semi-axes  of  the  ellipse  as  time  dependent 
functions  with  parametric  coefficients  determined  by  linear  regression  of  calculations  performed  using 
the  preparameterlzstion  (general)  model.  A  full  description  of  the  LOSB  Model  may  be  found  in  Reference 
2,  and  references  therein. 

The  model  works  in  a  simple  manner.  The  type  impact  point,  and  Impact  time  of  each  munition 
is  maintained.  The  cloud  centroid/center  of  the  ellipse  travels  downwind  after  Impact.  The  pertinent 
set  of  semi-axis  parameters  is  determined  by  the  angle  between  line  of  sight  and  wind  direction,  muni¬ 
tion  type,  meteorology,  and  wind  speed.  The  semi-axis  may  then  be  calculated.  The  half  ellipse  is 
then  aligned  perpendicularly  tothe  line-of-sight  ground  trace.  If  the  three-dimensional  lina-of-alght 
pierces  the  half  ellipse,  the  line-of-sight  is  blocked. 

4.  EXPERIMENTAL  DESCRIPTION 

The  LOSB  Model  was  incorporated  into  the  SUTTS  Model.  This  largely  amounted  to  a  simple 
modification  to  the  line-of-sight  calculation.  A  relatively  brute  force  approach  was  initially  taken. 
Munitions  were  ignored  only  if  they  were  behind  the  observer  or  beyond  the  target.  This  results  in 
extensive  unnecessary  calculations  and  this  situation  is  being  alleviated.  Munitions  were  dropped  from 
the  queue  only  once  their  semi-axis  became  negative.  This  situation  is  also  being  addressed. 

One  deviation  in  the  normal  use  of  the  model  is  the  role  of  the  player.  In  this  caae,  one 
player  commands  an  entire  company  sized  unit  -  tanka  and  ATGMs.  After  being  briefed,  the  player  dovelopa 
three  bettle  plans  of  attack,  one  without  smoke,  one  with  limited  smoke,  and  one  with  unlimited  smoke. 

To  date,  only  4.2"  mortar  delivered  WP  smoke.  The  player  is  then  allowed  to  play  out  each  plan  (in  the 
opposite  order  to  that  given  above),  up  to  three  times.  If  a  plan  is  replayed,  the  results  are  averaged 
to  account  for  learning.  The  defending  force  Is  randomly  varied  each  time. 

5.  PRELIMINARY  RESULTS 

Because  of  the  amount  of  time  required  to  carry  out  the  play  ot  a  plan,  the  difficulty  in 
finding  "qualified"  players,  and  the  limited  response  of  the  foe,  extensive  results  are  not  yet  available. 
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Some  limited  results  are  available  in  the  form  of  general  comments. 

A  few  problems  in  the  model  have  surfaced.  Several  of  i  leae  have  been  identified,  including 
policing  of  the  munitions  queue,  and  nonresponsiveness  of  the  foe.  Additionally,  there  Is  no  good  way 
to  indicate  to  the  player  when  ha  has  developed  a  continuous  screen.  This  presents  a  real  problem  only 
when  the  player  has  limited  smoke  available.  It  may  be  noted  that  this  Is  a  real  world  as  well  as  a 
simulation  problem.  A  typical  player  response  In  this  situation  seems  to  be  conservatism  with  resultant 
under-utllltaclon  of  smoke  assets. 

Some  differences  In  losses  are  seen  when  unlimited  smoke  is  available.  Inordinately  large 
numbers  of  munitions  are  used  to  assure  maintenance  of  continuous  screens.  There  also  seems  to  be  some 
tendency  to  advance  brazenly  behind  the  smoke  -  this  increases  vulnerability  to  unobscured  enemy. 
Additionally,  there  Is  some  uncertainty  on  the  part  of  some  pLayers  as  to  what  actions  to  take  once  they 
have  closed  on  the  enemy  behind  the  smoke. 

It  Is  emphasized  that  these  results  are  extremely  preliminary  and  represent  a  small  data  base. 
Further,  trials  and  improvements  to  Che  model  are  planned. 
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ABSTRACT 

The  Ccntander,  US  Army  Training  and  Doctrine  Cormand  has  recently  approved  and  published  the 
Army  Operational  Concept  for  Employment  of  Smoke.  This  concept  provides  guidance  to  Army  activities 
involved  in  development  of  smoke  materiel,  doctrine  and  organizations.  Concept  purpose  and  objectives 
are  presented  along  with  specifics  regarding  Broke  screen  types  and  operations.  .  Planned  TRADOC  efforts 
dealing  with  implementation  of  hie  Concept,  such  as,  generation  of  materiel  requirements  docnoents 
revised  smoke  unit  force  structuring,  and  supporting  operational  testing  are  discussed. 

1.  INTRODUCTION 


In  recent  years  the  Department  of  the  Army  has  placed  increased  emphasis  on  the  impact  of  the 
integrated  battlefield  on  the  effectiveness  of  combat  operations.  Many  factors  must  be  considered 
when  describing  the  composition  of  this  battlefield  or.e  of  which  is  the  appearance  of  nan-made  smoke, 
whether  generated  by  friendly  or  threat  forces,  and  how  this  smoke  interacts  with  troop  movements  and 
the  sophisticated  electro-optical  devices  being  fielded  by  both  sides.  When  properly  employed,  smoke 
will  significantiy  influence  the  effectiveness  of  tactical  operations  to  include  target  acquisition, 
target  designation,  and  fire  control  capabilities  of  many  electro-optical  devices. 


The  United  States  Army  Training  and  Doctrine  Command  (TRADOC)  recognizes  the  impact  of  smoke  on 
the  modem  battlefield  and  has  been  actively  involved  in  establishing  a  comprehensive  smoke  program 
which  addresses  combat  developments,  doctrine  and  training.  Individual  schools  within  TRADOC  have  the 
responsibility  for  developing  doctrine,  training  programs  and  materiel  requirements  within  their  assigned 
areas  of  proponency.  Overall  integration  of  the  smoke  program  within  TRADOC  is  the  responsibility 
of  the  TRADOC  system  Manager  for  Smoke /Obscurants  who  maintains  close  liason  with  the  materiel 
developer,  the  Project  Manager  for  Snoke/Obscurants . 


To  provide  the  necessary  direction  for  the  smoke  program  TRADOC  developed  an  operational  concept 
for  the  employment  of  smoke  and  for  aroke  countermeasures,  hereinafter  referred  to  as  the  Smoke 
Concept.1  In  September  1980,  TRADOC  approved  the  Smoke  Concept  for  use  by  combat  developers,  training 
developers,  and  trainers  as  a  guide  in  meeting  their  program  responsibilities.  The  purpose  of  this 
paper  is  twofold;  first,  to  provide  an  overview  of  the  salient  features  of  the  Smoke  Concept,  and, 
second,  to  address  specific  efforts  presently  being  conducted  by  TRADOC  which  win  contribute  to  the 
implementation  of  this  concept. 
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Reference  to  weapons  utilizing  electro-optical  acquisition  and  guidance  systems  sets  the  tone  of 
the  Smoke  Concept,  These  systems  include  devices  using  thermal  imaging  technology  in  the  far  infrared 
region  of  the  electro-magnetic  spectrum.  Smoke,  as  used  throughout  the  anoke  Concept,  should  be 
thought  of  as  any  naterial  which  may  be  disseminated  for  the  purpose  of  providing  screening 
capabilities  against  visible,  infrared  and  millimeter  wave  regions.  Not  only  must  US  forces  be 
prepared  to  properly  employ  anoke  under  various  battle  conditions,  but  they  must  also  be  prepared  to 
fight  find  operate  in  an  environment  characterized  by  lew  visibility.  Threat  forces  possess  a  vast 

arsenal  of  smoke  devices  and  monitions  and  are  continually  expanding  their  smoke  employment  capacity 

2 

by  developing  new  and  inproved  smoke  material  and  devices .  Threat  doctrine  emphasizes  extensive 
troop  training  in  smoke  environments  avid  extensive  tactical  use  of  smoke  whenever  it  will  provide  an 
operational  advantage. 

3.  EMPLOVMOJT  OF  SMOKE 

The  proper  use  of  anoke  on  the  battlefield  is  a  oembah  multiplier  which  increases  the  effectiveness 
of  US  operations  by  reducing  the  vulnerability  of  US  forces.  Proper  application  of  awoke  starts  with 
careful  planning  at  all  levels  of  oennand  in  order  to  integrate  awoke  Into  combat  operations.  A 
complete  plan  must  always  include  close  coordination  among  all  units  involved  in  a  anoke  mission, 
awoke,  because  of  its  susceptibility  to  even  slight  changes  in  meteorological  conditions,  has  the 
potential  of  adversely  affecting  operations  being  conducted  by  adjacent  friendly  units.  It  is  the 
responsibility  of  higher  level  ccrrrand  to  oonduct  overall  mission  coordination  to  prevent  such 
interference  frem  occurring. 

Smoke  planning  must  be  integrated  Into  the  overall  preparations  oonducted  prior  to  a  cembat  mission. 
Tradeoffs  must  continuously  be  made  between  the  amount  of  degradation  to  be  expected  in  the  threat 
capabilities  versus  the  potential  for  adverse  effects  on  friendly  battlefield  operations.  The  use  of 
other  canbat  multipliers,  such  as  electronic  warfare  and  conventional  or  chemical  munitions,  in 
conjunction  with  smoke  employment,  must  also  be  considered  in  the  planning  process  since  such  a 
combination  will  usually  enhance  the  degrading-  effects  of  smoke.  The  planning  and  employment  of  smoke 
is  not  limited  to  hours  of  daylight  but  can  also  be  oonducted  when  operating  during  periods  of  darkness 
or  limited  visibility. 
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Whether  used  in  an  offensive  or  defensive  role,  smoke  operations,  when  planned  and  executed 
properly,  have  specific  objectives.  These  objectives  are: 

(a)  Deny  the  enemy  information. 

(b)  Reduce  effectiveness  of  enemy  target  acquisition  means. 

(c)  Restrict  nap  of  the  earth  and  contour  approaches  for  aircraft. 

(d)  Disrupt  enemy  movement,  operations  and  oormand  control. 

(e)  Create  conditions  to  surprise  the  enemy. 

If)  Deceive  the  enemy. 

(g)  Attenuate  thermal  effects  of  nuclear  weapons. 

4.  SMOKE  CATEGORIES  AND  APPLICATIONS 

4.1  SMOKE  EMPLOYMENT  CATEGORIES,  aroke  operations  are  divided  into  two  general  categories,  hasty 

and  deliberate.  Hasty  smoke  is  used  when  minimal  operational  planning  time  is  available  and  is  usually 
erployed  when  enemy  actions  pose  an  immediate  ocmbat  threat  necessitating  quick  response  on  the  part 
of  the  unit  ccrmander.  Normally  the  tactical  situation  dictates  that  hasty  smoke  operations  be  of  short 
duration  and  cover  a  small  area  as  would  be  appropriate  to  ocmbat  situations  involving  battalion  and 
lower.  Deliberate  smoke  involves  detailed  planning  and  preparation  and  is  planned  at  brigade  or 
higher  level.  Deliberate  smoke  is  usually  employed  over  a  larger  area  and  for  relatively  longer 
durations  of  time  than  is  hasty  smoke. 

4.2  SMOKE  APPLICATIONS.  There  are  four  general  applications  for  smoke  on  the  battlefield)  Obscuration, 
screening,  deception  and  identification/signaling.  Obscuration  smoke  is  applied  on  or  directly  in 
front  of  the  enemy  to  prevent  enemy  observation  of  friendly  maneuvers,  to  degrade  the  effectiveness 

of  enemy  electro-optical  weapon  systems  such  as  anti-tank  guided  missiles  (ATCM) ,  and  adversely  to 

affect  the  movement  of  advancing  units  by  causing  confusion  and  by  forcing  the  enemy  to  deviate  from 

his  original  operational  plan.  Snoke  applications  designed  to  place  aroke  on  friendly  positions  or 

between  friendly  and  enemy  positions  are  termed  screening  smokes.  Under  these  conditions  friendly 

troops  may  assemble,  maneuver,  and  deploy  in  relative  safety  while  enemy  observations  posts  and  target 

acquisition  ays tans  are  degraded  by  the  screening  effects.  Other  uses  of  screening  anoke  involve 

protection  of  oombat  support  units  conducting  breaching  or  recovery  operations  and  protection  of 

combat  service  support  activities  and  areas  such  as  supply  routes  and  maintenance  facilities. 

Deception  smoke  is  used  to  deceive  and  confuse  the  enemy.  Normally  one  or  more  deceptive  smoxe  screens 

are  used  in  conjunction  with  an  obscuration  or  screening  smoke  to  deceive  the  enemy  of  the  friendly 
forces  Intentions. 
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Duirny  screens  are  Included  In  operational  plans  and  orders  to  minimize  adverse  effects  on  friendly 
operations.  Idantification/signaling  smoke  is  used  for  marking  of  specific  battlefield  and  supply 
areas  and  for  prearranged  battlefield  ocmini cations . 

5.  TACTICAL  OPERATIONS 

Depending  an  the  ocmbat  situation  and  type  of  operation  being  considered,  i.e,,  offensive, 
defensive  or  rear  area,  there  are  general  smoke  employment  techniques  which  aould  be  utilized  by  the 
field  commander  to  provide  the  necessary  smoke  coverage  and  protection.  Smoke  hardware  includes  such 
diversified  equipment  as  artillery  and  mortar  rounds,  smoke  grenade  launchers,  smoke  pots,  and 
mechanioal  smoke  generators.  Each  offers  oertain  operational  advantages  with  corresponding 
limitations  depending  on  the  conditions  under  which  it  is  employed.  The  Sioke  Concept  sets  forth  the 
smoke  employment  functions  and  tasks  to  be  conducted  by  field  carman  era.  These  generalized  techniques 
are  Integral  to  the  support  of  the  overall  battle  plan  and  are  addressed  in  the  following  sections. 

5.1  OFFENSIVE  OPERATIONS.  In  offensive  operations ,  smoke  employment  should  be  fully  integrated  into 
the  scheme  of  maneuver  and  fire  support.  For  battalion  operations,  screening  smoke  is  used  prior  to  the 
attack  to  prevent  enemy  observation  of  troop  movement  and  buildup.  Dummy  screens  are  utilized  as  a 
means  of  deceiving  the  enemy  about  the  actual  location  of  the  main  attack.  As  the  attacking  force 
advances,  screening  clouds  can  be  generated  along  the  axis  of  advance  and  continued  until  such  time  as 
an  unobstructed  view  of  the  battle  area  is  required  for  effective  engagement  of  enemy  forces. 

Concurrent  with  this  screening  smoke,  obscuration  smoke  is  placed  on  enemy  observation  posts  to  suppress 
their  direct  fires  and  on  enemy  weapon  system  sites  to  degrade  the  effectiveness  of  their  target 
acquisition  and  fire  control  capabilities.  Tactical  situations  will  dictate  screening  of  flank 
positions  and  the  use  of  identification/signaling  smoke.  On  board  smoke  grenade  launchers  and  vehicle 
engine  exhaust  screening  systems  (VEESS)  are  utilized  for  self  protection  by  armor  vehicle  commanders 
by  oroviding  smoke  screens  to  reduce  vehicle  vulnerability  against  ATOd'S  and  directed  fires,  and  to 
provide  a  curtain  behind  which  the  vehicle  can  maneuver. 

Brigade  level  operations  also  utilize  smoke  in  a  sii.ular  manner  as  maneuver  units  but  on  a  larger 
scale.  Obscuration  smoke  can  be  use!  to  isolate  second  echelons  from  forward  engaging  units.  Division 
and  oo rp  units  plan  and  coordinate  smoke  anployment  in  their  areas  of  operations  which  include 
allocating  assets  to  subordinate  units  to  include  providing  the  necessary  means  to  support  the  creation 
of  deception  screens. 
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5.2  DEFENSIVE  OPERATIONS.  Smoke  is  also  used  by  oorrmanlers  in  the  'defense  to  gain  an  operational 
advantage  over  the  enemy  and  to  degrade  the  effectiveness  of  observation  and  target  detection 
capabilities.  Obscuration  smoke  placed  on  or  in  front  of  attacking  units  serves  to  disrupt  the  enemy's 
original  battle  plan/  thereby  changing  his  operational  timing,  decreasing  the  rate  of  advanoe,  hindering 
visual  oomtuni cations,  and  requiring  premature  deployment  of  troops.  Proper  placement  of  moke  will 
allow  a  more  effective  servicing  of  enaty  targets  as  vehicles  emerge  from  the  smoke  clcud.  Screening 
smoke  is  used  to  conceal  defensive  positions  and  maneuvers  and  is  also  utilized  in  supporting  covering 
force  actions.  As  in  the  offense  all  levels  of  oarmand  conduct  smoke  operations  but  usually  brigade 
and  above  conduct  smoke  operations  on  a  larger  scale  than  do  battalions.  Brigades  use  moke  with 
scatterable  mines  to  hinder  movement  of  following  echelons. 

5.3  REAR  AREA  OPERATIONS.  Rear  area  screening  operations  are  required  to  support  both  offensive  and 
defensive  operations.  The  primary  purpose  of  rear  area  moke  operations  is  to  prevent  enery  air 
surveillance  of  us  forces  and  to  degrade  effectiveness  of  enemy  air  attacks.  Rear  area  moke  operations 
have  the  potential  to  last  days  or  weeks  and  are  utilized  to  conceal  staging  and  assembly  areas  and 
logistical  installations. 


6.  COUNTERMEASURES  TO  THREAT  SMOKE  OPERATIONS 

The  Warsaw  Pact  will  employ  moke  whenever  the  reduced  visibility  will  provide  them  with  an 
operational  advantage.  Oounte measures  to  threat  moke  operations  are  limited.  Friendly  forces  can 
move  positions  if  the  operational  situation  a 1 lews  or  they  can  utilize  electronic  devices  that  see 
through  the  obscuration.  The  simultaneous  use  of  these  two  approaches  are  ccrpllmentary  and  increase 
the  effectiveness  of  operations  in  a  moke  environment. 

Electronic  devices  such  as  thermal  Imagers  can  be  used  by  armored  vehicle  drivers  and  oomrvanders  in 
an  attacking  mode  to  penetrate  threat  moke  screens  thus  preserving  momentum  required  for  a  successful 
operation.  At  the  same  time  thermal  trackers  and  fire  control  systems  will  enable  U3  forces  to  engage 
and  attack  targets  of  opportunity  while  irtmersed  in  threat  moke  screens. 
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7.  9CKE  CONCEPT  IMFLBfflIIMTCN 

In  recent  years  much  enphaais  has  been  placed  on  updating  and  expanding  the  Any  anoke  program 
because  of  Its  Importance  as  a  mltlpller  on  the  battlefield.  This  emphasis  is  reflected  in  the 

significant  developmental  anoke  /.tot  ins  being  oonducted  by  the  material  developers  and  the  extensive 
efforts  underway  throughout  TRAEOC  to  update  the  Antv'e  anoke  training/  and  combat  development  base 
posture.  In  particular  TRACCC  pwgvana  are  being  pursued  which  address  smoke  doctrine  end  tactics, 
training  literature,  foroe  structuring,  and  material  requirements. 

The  importance  that  the  Amy  places  on  implementing  anoke  related  programs  le  strongly  reinforced 
in  the  reocmnendatione  resulting  from  the  Chemical  Systems  Program  Review  (SFR)  .3  These  recommendations 
are  consistent  with  the  tenets  of  the  smoke  Concept  and  support  the  ongoing  efforts  to  improve  and 
expand  Army  anoke  aiployment  capabilities.  The  purpose  of  this  section  is  to  highlight  those  efforts 
which  are  designed  for  implementation  of  the  Smoke  Concept,  These  include  the  conduct  of  e  Mechanized 
smoke  Force  Development  Test  and  Evaluation  IFVTS) ,  analysis  end  design  of  anoke  unite  in  the  Amy  86 
studies,  and  material  systems  development  to  support  operational  deficiencies. 

7.1  mechanized  smcke  fdte.  The  idea  that  proper  anpleoanant  of  anoke  on  the  battlefield  Is  e  combat 
multiplier  is  supported  by  a  wealth  of  laboratory  data  which  clearly  illustrates  the  effectiveness  of 
inventory  amoks  materials  and  devices  in  degrading  the  transmission  of  visible  and  near  infrared 
radiation  and  of  developmental  anoke  materials  which  promise  a  potential  for  defeating  threat  weapons 
possessing  far  infrared  operational  capabilities.  Sane  field  test  dats  also  exists  whioh  points  out  the 
performance  degradation  that  can  be  expected  of  the  electro-optical  weaponry  operating  in  battlefield 
obscuration,  what  is  not  clearly  understood,  however,  is  to  what  extent  ernoke  will  adversely  affect 
these  systems  in  operational  terms, i.e.,  the  reduction  of  the  number  of  friendly  casualties  and  tlie 
increase  in  survivability  of  combat  and  ocmbat  support  equipment  through  the  proper  use  of  anoke 
anployment  has  not  been  quantified.  This  kind  of  quantifiable  information  oonoeming  the  measures  of 
effectiveness  (MQE)  of  casualties  and  equipment  in  specific  anoke  environments  is  vital  to  the  oorbat 
developments  process. 


The  VRA20C  oamunlty  is  sponsoring  a  program  to  aatabuah  mue  as  they  apply  to  eoenarioe  involving 


moke  operation*.  In  conjunction  with  an  FDTE  presently  being  developed  to  evaluate  tite  oonoepte  and 
organization  of  a  mechanized  moke  unit,  the  user  oomnunity  will  address  the  operational  advantages 
to  be  gained  in  teens  of  increases  in  the  survivability  of  US  resources.  The  TOTE  is  a  three  phase  test 
with  phase  one  scheduled  to  oamenoe  in  the  first  quarter  of  Fisoal  year  1983.  The  first  phase  is  more 
concerned  with  the  technical  aspects  of  mechanized  moke  than  the  operational  aspect*.  The  major  effort 
will  be  directed  toward  optimizing  the  mounting  configuration  of  the  mechanical  moke  generator*  on 
armored  vehicle*  and  in  determining  the  extent  of  the  resulting  stroke  screens  under  various 
meteorological  conditions.  This  phase  is  neoeseary  before  the  test  designers  can  continue  with 
meaningful  mechanized  scenarios  which  depend  in  pert  on  the  technical  and  operational  characteristic  of 
the  mechanized  moke  unit. 

The  current  motorized  moke  generator  unit  will  be  utilizad  during  phase  two  to  establish  an 
operational  baseline  against  which  the  capabilities  of  the  proposed  mschanized  moke  units  can  be 
evaluated.  Determination  will  be  made  of  the  operational  aspects  of  the  motorized  moke  unit  such 
as  mobility,  moko  employment  response  times,  vulnerability  to  enemy  fire,  and,  most  lrportantly, 
extent  of  increased  survivability  to  tesouroea  of  supported  units,  i.s.,  measures  of  effectiveness  (MX) . 
Onoe  this  is  eoocnplished, phase  three  will  ccmienoe  with  the  mechanized  moke  unit  being  substituted 
into  selected  scenarios  in  place  of  the  motorized  unit.  The  military  worth  of  mechanized  versus 
motorized  can  than  be  effectively  evaluated  in  light  of  the  operational  baseline  established  in  phase 
two.  The  measures  of  effectiveness  established  In  phase  two  end  phase  thrae  will  be  used  to  evaluate 
the  effectiveness  of  aroke  in  terns  of  foros  ratlos/foroe  multipliers. 

7.2  QtEKE  FORCE  STRUCTURE.  The  Amy  88  studies  is  e  series  of  studies  directed  by  Ok  and  conducted 
by  TRADOC.  The  purpose  was  to  develop  an  effective  fighting  force  to  meet  the  increasingly 
sophisticated  threat  during  the  next  deoade.  units  were  designed  to  integrate  the  numerous  new  and 
advanced  materiel  systems  that  will  be  introduced  In  this  time  period.  As  pert  of  this  study  effort 
and  based  on  the  emerging  moke  oonoepte,  moke  generator  units  were  evaluated  as  part  of  this  force 
development  exercise.  Mechanical  moke  generator  units  an  normally  used  to  provide  moke  support  when 
there  is  a  requirement  for  large  area  or  long  duration  coverage  or  when  the  moke  Is  required  near  or 
within  friendly  areas  of  operations.  As  a  result  of  ths  Army  88  studies,  moke  generator  elements  will 

r. 

be  found  at  every  major  tactical  echelon  from  the  division  to  the  theater  Army, 
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For  the  first  time  divisions,  will  have  an  organic,  large  area  smoke  capability  consisting  of  a 
platoon  with  12  smoke  generators  within  the  divisional  NBC  oorpany.  This  moke  unit  provides  a 
capability  tliat  is  immediately  responsive  to  the  needs  of  the  divioion  oarrander  while  providing 
divisions  with  a  capability  to  train  in  a  smoke  environment  and  to  train  maneuver  elements  to 
effectively  integrate  smoke  into  their  operations.  For  heavy  divisions  (armor/nechanized  infantry) 
the  smoke  generators  will  be  mounted  on  a  mechanized  vehicle  and  will  provide  the  moke  platoon  with 
the  armor  protection  and  mobility  necessary  to  operate  with  maneuver  elanents  in  the  main  battle  area 
(MBA) .  smoke  missions  in  the  MBA  will  be  numerous,  but  relatively  short  in  duration  (15-45  minutes) . 

A  significant  portion  of  these  missions  will  be  conducted  while  moving  in  order  to  support  the  scheme 
of  maneuver  and  to  reduce  vulnerability  to  enemy  fires.  In  light  divisions  (infantry,  airborne,  air 
assault)  the  moke  generators  will  be  mounted  on  an  armored,  wheeled  vehicle)  however,  the  oonoept  of 
operations  win  be  similar  to  the  smoke  platoon  in  the  heavy  divisions. 

The  majority  of  large  area  moke  assets  will  be  found  at  corps,  within  the  corps  structure  will  be 
unite  designed  to  support  operations  in  tlte  division  MBA  as  wail  as  units  designed  to  support  the 
divisional  and  corps  rear  areas.  The  basic  operating  elwnant  for  these  moke  units  will  be  the  company. 
Although  several  moke  uunpanles  may  bo  placed  under  a  mall  battalion  headquarters  for  administrative 
and  logistical  support,  these  companies  will  normally  be  operating  relatively  autonomously,  therefore 
dictating  a  relatively  light  battalion  structure  and  a  heavier  support  (maintenance,  supply,  etc) 
structure  within  each  oorpany.  For  supporting  heavy  division  operations  In  the  MBA,  mechanized  moke 
ocRpanles  will  be  utilized.  These  units  will  be  assigned  to  the  corps  and  attached  to  divisions  based 
on  the  tactical  situation  and  priority  for  support.  They  will  normally  receive  operational  control  of 
the  divisional  smoke  platoon  in  order  to  coordinate  moke  operations.  Light  divisions  and  rear  areas 
will  be  supported  by  mploying  motorized  smoke  ocnpanles.  Motorized  units  will  be  assigned  at  theater 
Amy  level  bo  support  units  operating  in  the  oarrunl  cations  zone  (CCM1Z) , 

The  new  smoke  force  structure  developed  in  the  Army  86  studies  provides  a  logical  integration  of 
smoke  assets  from  the  division  to  the  OOMZ,  The  divisional  moke  platoon  provides  the  division 
oormander  with  large  area  moke  assets  that  are  immediately  responsive  to  his  needs.  The  majority  of 
the  moke  assets  are  assigned  to  oorpo  where  their  employment  can  be  tailored  to  muet  the  operational 
require -ante  of  the  divisions  as  well  as  the  corps  rear  areas.  Additional  smoke  assets  are  aosigned  to 
the  theater  army  to  support  logistical  activities  operating  in  the  CBWZ. 
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7.3  SM3KE  MATERIEL  REOWWMS'TTS ,  Thio  paper  emphasized  earlier  the  lnportanoe  of  eroke  material* 
which  not  only  degrade  visual  observations  but  also  those  materials  which  effectively  block  other 
militarily  significant  areas  of  the  electrcmagnetic  spectrin.  More  and  more  weaponry  is  being  fielded 
whose  operational  capabilities  depend  on  sophisticated  devices  which  transmit  or  receive  electromagnetic 
radiation  of  various  wavelengths.  A  material  capable  of  effectively  attenuating  the  intensity  of  the 
appropriate  wavelengths  will  have  the  effect  of  neutralizing  the  intended  purpose  of  these  devices, 
thus  reinforcing  the  idea  of  a  combat  multiplier. 

The  highest  priority  of  the  stoke  technology  program  is  the  need  for  a  capability  to  effectively 
screen  wavelengths  beyond  the  visible,  specifically  in  the  far  infrared  region.  The  Ideal  solution 
would  be  the  development  of  a  full  spectrum  screening  material  which  would  be  capable  of  attenuating 
radiation  from  the  visible  through  the  far  infrared  and  beyond.  However;  near  term  solutions  to  the 
operational  deficienoes  are  constrained  by  the  existing  state-of-the-art-technology  to  narrow  band 
extinction  approaches, while  basic  and  exploratory  research  continue  to  explore  broadband  screening 
oonoepts.  Through  the  research  and  development  technology  base,  a  limited  number  of  screening  materials 
have  been  identified  which  have  proven  technically  feasible  for  screening  far  infrared  radiation,  Thus 
the  Chemical  School,  which  has  been  assigned  proponent  responsibility  for  large  area  smoke  systems4, 
has  Identified  a  material  need5  to  overcome  operational  deficiencies  associated  with  the  current  large 
area  screening  device,  the  M3  A3  mechanical  moke  generator.  This  device  ueee  fog  oil  as  the  smoke 
material  .which  la  an  effective  screen  against  visible  and  near  infrared  radiation)  however,  its 
operational  concept  of  utilizing  the  hot  exhaust  gases  of  a  pulse  jet  engine  to  vaporize  the  fog  oil 
ia  incompatible  with  the  dissemination  techniques  requirsd  for  the  infrared  screening  materials.  In 
addition  to  being  able  to  provide  large  area  screening  out  through  the  far  infrared,  there  is  a 
requirement  for  the  new  system  to  be  capable  of  being  installed  and  operated  from  an  armored  vehicle 
while  moving  in  order  to  effectively  support  highly  mobile  maneuver  battalions.  Technical  and 
developmental  details  describing  the  overall  operation  of  this  approach  are  provided  In  &noks  Synposlisn 
Paper  020®.  When  fielded, this  item  will  provide  the  Amy  with  a  capability  it  does  not  now  possess, 
i.e. ,  an  ability  to  place  large  area  infrared  moke  screens  over  potential  targets  to  effectively  degrade 
advanced  sensors  used  by  threat,  feroes  to  engage  the  target  with  air  and  artillery  strike  capabilities. 
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8.  OONCLUSICN 

As  the  Stoke  Conoept  plainly  stateo,  full  irrplenentation  of  all  of  the  ideas  contained  In  the 
concept  is  not  possible  at  this  tins;  however,  significant  Inroads  have  been  made,  it  is  beyond  the 
soope  and  intent  of  this  paper  to  address  all  of  the  efforts  associated  with  the  extensive  woke 
programs  involving  other  TOADOC  schools,  centers  and  test  activities.  The  discussion  in  the 
previous  section  is  meant  only  to  give  a  feel  for  the  type  of  smoke  programs  being  conducted  within 
TRADOC  which  directly  impact  on  implementation  of  the  Snake  Conoept,  In  conclusion,  it  oan  be  stated 
that  TOADOC  proponents  at*  actively  pursuing  programs  which  will  signifioantly  contribute  to  the 
implementation  of  the  Smoke  Conoept  end  the  trend  is  evident,  although  ntich  work  has  been  done  toward 
meeting  this  objective,  there  is  still  much  to  aoocnplish  in  order  to  effect  full  Implementation. 
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ABSTRACT 

During  the  past  year  the  Smoke  and  Aerosol  Working  Group  of  the  JTCG/ME  supported 
a  concepts  definition  study  on  obtou ration.  This  effort,  serried  out  by  a  Rudy  group 
oomprleed  of  SAWG  members,  examined  the  state  of  the  art  in  obscuration  devious  and  In 
the  materials,  tactics,  and  doctrine  of  obscuration  use.  The  examination  keyed  on  land, 
tea,  and  sir  use  of  obscuration  rather  then  on  ttriet  tingle  service  avenues.  The 
preliminary  results  of  this  study  art  presented.  These  results  include  analyses  of  "available" 
munitions  and  tactical  uses  of  obscuration.  A  erots-oorreletlon  of  these  analytes  It 
presented,  and  the  results  of  a  deficiency  analysis  of  the  cross-correlation  era  discussed. 

These  results  are  divided  into  three  areas:  munitions  and  tactical  uses  that  match;  munitions 
without  uses;  and  uses  without  supporting  munitions. 

1.  INTRODUCTION 

Thu  paper  summarizes  the  report  prepared  by  the  concepts  study  group  of  the  Smoke  and  Aerotol  Working  Group  of  the  JTCG/ME. 
The  complete  report  Is  being  published  as  a  JTCG/ME  special  report,  61  JTCG/ME-80  5 ,  Obscuration  Concept s  Materials,  Tactics,  and  Doctrine. 
Readers  desiring  the  complete  text  of  the  report  can  obtain  it  through  publications  channels. 

The  purpose  of  this  study  was  to  examine  the  use  of  smoke/obscuranon  within  the  framework  of  armed  combal.  The  study  group 
excluded  at  a  matter  of  their  concern  the  obicuring  effect  of  the  modern  “dirty”  battlefield  where  smoke  from  munitions  or  targets,  or  dust  raised  by 
either  moving  vehicles  or  exploding  munitions,  contribules  to  the  overall  effect.  Members  of  the  study  group,  representing  aU  of  the  services,  engaged 
in  an  open-forum  discussion  to  develop  the  metiers  presented  Parallel  approaches  were  used  to  develop  the  ideas.  First,  hardware  systems  were 
considered.  These  were  categorized  as  either  available  (now  or  within  two  years),  or  future  systems.  The  alternate  approach  considered  tactical 
application  of  obscuration  for  land,  sea,  or  air  use.  for  self-protection,  offensive/defenslve  purposes,  or  for  deception  From  the  hardware  and  use 
analyses,  a  cross-correlation  analysis  identified  obscuration  systems  with  tactical  uses.  This  latter  analysts  further  permitted  Identification  of  syatems 
without  uses,  or  of  other  deficiencies.  Deficiencies  identify  either  inventory  obscuration  systems  that  the  military  user  does  not  want  or  need  or 
developmental  systems  that  the  uset  hai  no  need  for  and  (hat  are  therefore  being  developed  either  without  requirement  or  to  s  false  requirement. 
Finally,  tactlcsl  uses  of  obscuration  without  a  system  to  support  them  arc  identified,  In  this  case  there  Is.  at  least  conceptionally,  a  military  use  for 
obscuration  systems  that  neither  exist  not  arc  being  developed 
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2.  OBSCURATION  CONSIDERATIONS 

A  listing  of  the  obscuration  systems  end  devices  is  given  below  without  discussion.  Fot  full  details,  refer  to  the  fins)  JTCC/ME  report. 
Most  of  these  systems  can  be  used  for  land,  sea.  or  air  applications.  (An  asterisk  indicates  development  required.) 


Smoke  grenades 
Smoke  pots 
Fog  oil  generators 
40-tnm  grenade  launcher 
XM183/XM184  BIS* 
Insect  sprayers/foggers 


Instant  smoke* 


Smoke  rounds  (WP  and  HC) 
2.75 -Inch  WPW  rocket 
MS2  helicopter  system 
Rifleman's  Assault  Weapon* 


Vehicular  dust 


Man-portable  generator* 


Foam  smoke* 


Wedge  rounds* 


Outlaw  Indian* 


Jet  engine  smoke  generator* 


Exhaust  smoke 


Salty  Dog* 


Seeded  smoke* 


Stack  smoke  (USN) 
Water  sprays 


Flares  (anti-IR) 

A  number  of  technical  objectives  were  noted  as  desirable  elements  for  service  consideration  For  example,  it  is  desirable  to  extend  the 
effectiveness  of  obscuration  Items  but  still  leave  a  window  through  which  friendly  sensors  may  operate,  likewise.  It  would  be  desirable  to  have  a 
smoke  that  would  allow  friendlies  to  look  out  but  that  would  prevent  the  enemy  from  looking  In.  A  further  need  is  to  shift  technology  emphasis 
away  from  the  near  IR  band  and  to  develop  active  IR-  or  millimeter-band  sensors.  The  group  consensus  was  that  obscurants  need  to  be  developed 
to  provide  firing-signature  “masks"  to  as  to  afford  tanks  and  ATGMi  longer  stay-in-place  times  and  Increase  their  firing  capability.  Techniques  for 
suppression  or  abatement  of  dust  in  regions  with  dry  soil  are  needed  to  reduce  firing  signatures,  while  in  the  area  of  training  there  is  need  to  tram  in 
smokes,  and  to  be  able  to  characterize  the  degree  of  obscuration  at  selected  timet  and  places  during  exercises  Such  instrumentation  should  supplement 
the  MILES  system  of  the  Army. 

In  the  alternate  approach,  uses  and  tactics  were  emphasized.  Several  definitions  were  used  to  assure  agreement  on  terms.  First,  self- 
protection  obscuration  wtt  defined  as  an  obscurant  transported  or  maintained  by  an  operational  element  for  its  own  protection  from  the  enemy, 
from  either  being  taken  under  fire  or  from  observation  An  example  lathe  smoke  gienade  system  on  armored  vehicles.  An  offensive/defensive  obscurant 
was  defined  as  an  obscurant  emplaced  and  maintained  by  one  operational  element  to  protect  another  operational  element  from  enemy  fire  or 
observation.  Obscurant  devices  and  agents  were  categorized  as  essentially  either  blanket  (close-in)or  projected  (away-from-the-element)  obscurants. 
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Smoke  generators,  smoke  grenades,  smoke  pots,  and  exhaust  systems  are  termed  blanket  obscurants,  essentially  because  there  is  no  inherent  method 
to  project  them  to  a  distance.  By  the  same  token,  mortal  and  gun  rounds  (the  projected  systems)  have  drawbacks  in  that  they  either  have  near -in  dead 
zones  or  large  delivery  Inaccuracies. 

Considerations  of  the  tactical  uses  of  obscuration  fall  in  the  following  categories:  on  us,  on  them,  In-between,  riverine  (and  amphibious) 
operations,  deception,  and  rear  area.  From  this  listing,  it  is  apparent  that  the  location  of  the  obscurant  cloud  in  offensive  or  defensive  operations  was 
emphasized.  Various  combinations  of  factors  that  influence  the  field  user  of  smoke  and  other  obscurants  were  analyzed  and  are  discussed  in  some 


detail  in  the  final  report. 


X  NEEDS  AND  DEFICIENCIES 


The  cross-correlation  analysis  resulted  in  identification  of  a  number  of  needs  and  deficiencies.  The  list  presented  here  does  not  indicate 
precedence  or  priority,  or  urgency  of  needs,  or  corrective  action. 

There  is  a  need  for  a  safe  training  smoke,  and  for  devices  that  affect  the  operational  efficiency  of  sensors,  tights,  range  finders  and 
personnel  in  a  degraded  environment.  Techniques  are  needed  that  would  permit  evaluation  of  cloud  effectiveness  during  training,  and  there  is  a  need 
for  a  standard  target  to  test  obscurant  effectiveness  in  the  far  IR.  Remote,  preferably  automatic  ami  mobile,  meteorology  stations  to  provide  support 
and  planning  data  are  needed  Future  threat  sensors,  operating  in  the  mid  |R  and  beyond,  may  not  be  obscured  by  present  smokes,  so  there  is  an 
urgent  need  to  assess  obscuration  methods  against  such  sensors.  A  combination  of  Increased  payload,  improved  agents,  and  more  accurate  emplacement 
would  improve  area  coverage  of  smoke  munitions  and  solve  tome  of  the  basic  load/retupply  problems  noted  by  the  study  group. 

Specific  comments  are  made  in  the  final  report  on  the  following  considerations. 


Vehicle  dust 


M52  helicopter  system 


:. 75-inch  WPW  rocket 


USAF  support  of  ground  operations 


Corner  reflector  use 


Smoke  in  MOUT  operations 
Salty  Dog  use  in  training 


Large  area  tmoke  use 
Stack  smoke 


Water  spray  use  Flares 

The  reader  is  referred  to  the  final  report  for  detailed  discussion  of  these  elements. 

Unaddressed  needs  were  identified  in  a  number  of  areas.  Canopy  smoke  on  us,  where  a  celling  of  tmoke  over  the  battlefield  would 
prevent  or  degrade  aerial  observation  while  not  impeding  observation  ground  to  ground,  was  conaidered  for  a  contemporary  environment  of  combat 
in  which  friendly  air  superiority  cannot  be  assured.  Such  obscuration  It  promising  tactically  In  terms  of  augmenting  existing  air  defense  systems  in 
protecting  ground  troops  from  air  attack.  There  are  no  obscuration  systems  either  in  inventory  or  development  that  will  consistently  and  regularly 
provide  this  type  of  obscuration. 
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Smoke  on  them  exposed  two  unaddressed  needi:  to  develop  obscuration/weapon  systems  that  will  allow  easy  tictlca)  intermixing  of 
smoke  end  either  mines.  ICM,  or  other  munitions  to  screen,  delay,  end  destroy  advancing  forces.  The  other  need  is  to  develop  obscurants  thet  enemy 
tensors  cannot  see  through ,  but  that  our  senson  can  operate  thrc  ugh . 

The  study  group  identified  a  need  foi  an  obscurant  or  smoke  that  can  be  dissipated  readily ;  no  such  smoke  is  either  In  the  inventory 
or  under  development.  In  like  terms,  there  exists  a  need  for  rapid-deployment  smoke.  This  is  particularly  applicable  to  deception  smoke  because  of 
the  senaitivy  of  such  an  operation  and  the  need  to  ensure  that  the  subterfuge  is  not  detected  by  the  enemy.  In  rear  area  considerations,  there  was 
identified  a  need  for  canopy  smoke  to  permit  unimpeded  operations  free  of  aerial  observation,  coupled  to  this  waa  the  need  for  perilstent  smoke 
to  provide  essentially  continuous  protection . 

In  sea  uses  of  obscuration,  there  was  identified  s  need  for  close-in  smoke  screening  for  self-protection.  There  is  a  need  for  tube- 
delivered  smoke  and  large-area  coverage  for  amphibious  operations,  reflecting  the  desire  to  obscure  beaches  while  forces  are  approaching  the  beach. 
The  Navy  has  little  capability  to  deliver  smoke  from  naval  guns,  and  little  consideration  seems  to  have  been  given  to  the  need  to  emplace  large-area 
screens  over  the  beach  area. 

Aitbase  defense  and  air-delivered  smoke  were  the  major  needs  Identified  in  air  use  of  smoke.  The  impact  of  obscurants  on  the  SHORAD 
system  has  not  been  fully  addressed.  Manpower  limitations  and  the  short  early  warning  time  appear  to  call  for  an  automated  system  If  smoke  Is  to  be 
used  In  airbase  defense. 

4.  SUMMARY 

The  brief  and  synoptic  presentation  given  In  this  piper  will,  we  hope,  generate  Interest  In  the  complete  final  report.  The  final  report 
Is  designed  to  stimulate  exchange  of  Information,  requirements,  and  capabilities  in  obscurants  applications  and  needs  between  developers  and  uaert 
in  all  the  services. 
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DEVELOPMENT  OF  THE  BATTLEFIELD  ENVIRONMENT 
OBSCURATION  HANDBOOK  (U) 


Robert  £.  Turner 
Science  Applications,  Inc. 

15  Research  Drive 
Ann  Arbor,  MI  48103 

ABSTRACT  (U) 

(U)  Obscurant  material  in  the  battlefield  environment  can  have  a  deleterious  effect  on  the  per¬ 
formance  of  electro-optical  sensors.  The  natural  weather  environment  consists  of  haze,  fog,  rain, 
snow,  and  similar  atmospheric  particulates  which  can  cause  a  loss  of  contrast  in  a  military  scene. 

In  addition,  the  battlefield  induced  contaminants  such  as  dust,  smoke,  and  foreign  gases  can  degrade 
the  atmospheric  medium  between  a  target  and  sensor.  , 

This  paper  describes  the  recent  development  of  a  Battlefield  Environment  Obscuration  Handbook  , 
a  document  which  contains  a  detailed  compilation  of  laboratory  data,  field  data,  mathematical  models, 
studies,  and  other  information  pertaining  to  the  natural  and  anthropogenic  sources  of  obscurants 
which  can  be  found  in  the  modern  battlefield.  In  the  preparation  of  this  handbook,  we  reviewed  over 
one  hundred  reports  and  documents,  extracted  the  relevant  material,  and  synthesized  the  information 
into  an  organized  congelation  of  models  and  data  for  use  by  groups  and  individuals  who  are  interested 
in  how  battlefield  obscurants  affect  electro-optical  systems. 

Here  we  describe  how  one  can  use  the  Handbook,  what  data  and  models  exist,  wnat  the  limitations 
of  the  Handbook  are  and  suggestions  for  updated  versions. 

1.  INTRODUCTION  (U) 

(U)  As  any  user  of  scientific  and  engineering  data  and  models  knows  there  has  beer,  an  "informa¬ 
tion  explosion”  in  the  last  twenty  years  and  this  trend  will  undoubtedly  continue.  It  is  often  quite 
difficult  for  scientists  and  engineers  to  find  the  information  they  are  looking  for  and  this  is 
particularly  true  in  interdisciplinary  areas  of  research.  Likewise,  in  the  military  community  there 
has  been  a  large  amount  of  work  done  in  recent  years  on  obscurant  materials  in  the  battlefield 
environment.  Unfortunately,  much  of  the  information  exists  in  the  form  of  government  reports,  con¬ 
tractor  reports,  conference  proceedings,  and  technical  papers  published  in  journals  which  are  some¬ 
times  unfamiliar  to  the  user.  In  1980  Science  Applications,  Inc.  undertook  the  project  of  creating 
a  handbook  which  would  contain  under  one  cover  information  on  data,  models,  tests,  and  studies  which 
relate  to  battlefield  obscurants.  This  report,  entitled  Battlefield  Environment  Obscuration  Handbook 
is  the  result  of  our  survey  and  synthesis  of  approximately  250  technical  reports  and  papers  or. 
various  aspects  of  obscurants  as  of  May,  1980.  The  Handbook  format  is  of  a  form  for  inclusion  of 
additional  information  as  it  becomes  available. 


2.  CONTENTS  OF  THE  HANDBOOK  (U) 

(U)  The  contents  of  the  529  page  Handbook  (431  page  unclassified  volume  and  98  pare  classified 
volume)  are  illustrated  in  Table  1. 


« 

Mr.  Luis  Dominguez,  U.S.  Army  TRASANA,  WSMR,  NM,  provided  the  support  for  this  project.  Mr.  Sidney 
Gerard,  U.S.  AMSAA  was  the  contracting  officer. 
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3.  USE  OF  THE  HANDBOOK  (U) 

(U)  In  the  modern  battlefield  environment  there  are  many  effects  which  can  limit  the  capability 
of  an  observer  to  detect  and/or  recognize  enemy  forces.  First,  there  is  the  presence  of  terrain, 
vegetation,  or  solid  man-made  objects  which  lie  within  the  line  of  sight;  and  second,  there  is  the 
presence  of  natural  and/or  anthropogenic  material  such  as  gases  and  particulates  in  the  atmosphere. 

In  fact,  the  definition  of  line  of  sight  which  we  shall  use  in  this  Handbook  is  the  following ■  "A 
point  is  said  to  be  within  the  line  of  sight  of  a  sensor  (or  equivalently,  a  sensor  is  said  to  have 
a  line  of  sight  to  a  point),  if  and  only  if,  the  energy  to  which  the  sensor  reacts  can  travel  from 
the  point  to  the  sensor  unobstructed  by  terrain,  vegetation,  or  solid  man-made  objects.”  In  strict 
terms  this  definition  would  exclude  anthropogenic  smoke  because  it  includes  solid  man-made  particles. 
In  this  sense  the  line-of-sight  definition  is  somewhat  arbitrary,  but  we  shall  interpret  it  to  refer 
to  solid  man-made  objects  which,  if  projected  into  the  atmosphere,  do  not  reach  their  terminal  speed. 
Therefore,  we  shall  consider  as  battlefield  obscurants,  natural  and  anthropogenic  gases  and  part¬ 
iculates  semi-permanent ly  suspended  in  the  atmosphere  between  a  target  and  sensor. 

The  Handbook  consists  of  models  and  data  which  are  primarily  of  use  to  investigators  of  the 
response  of  electro-optical  systems  in  the  course  of  battlefield  activity.  A  structured  way  of  pre¬ 
senting  this  large  and  growing  body  of  knowledge  is  the  segregate  the  various  models  and  data  accord¬ 
ing  to  the  origin  and  means  of  production  of  the  obscuring  material  and  the  systems  involved.  In 
the  Handbook  we  have  therefore  organized  the  data  and  models  in  the  following  way, 

Section  3.  Natural  Battlefield  Environmental  Conditions  for  Specific  Geographic  Locations.  This 

section  contains  general  information  which  is  nscessary  to  characterize  electro-optical 
system  degradation  for  four  geographic  regions.  One  is  the  Central  European  region 
(Germany)  which  is  representative  of  a  cold,  wet  climate;  another  is  a  desert  region 
(Syria)  which  is  characteristic  of  a  hot,  dry  region;  the  third  is  the  climate  of  central 
and  northern  South  America  which  is  representative  of  a  hot,  wet  region;  and  the  fourth 
category  ia  a  cold  region  (Fairbanks,  Alaska)  which  represents  a  cold,  dry  area. 

Section  4.  Intentionally  Induced  Battlefield  Environmental  Conditions.  This  section  contains  in¬ 
formation  on  battlefield  environmental  conditions  which  “'ey  be  intentionally  induced  to 
impair  the  performance  of  electro-optical  or  visual  systems.  Hare  we  specify  verioue 
kinds  of  smoke,  their  methods  of  production,  attenuation  coefficients,  scattering  para¬ 
meters,  dispersion  parameters,  and  other  basic  properties  which  are  of  use  in  the 
analysis  of  electro-optical  sensors  and  systems. 

Section  5.  Unintentionally  Induced  Battlefield  Environmental  Conditions.  This  section  includes 
battlefield  environmental  conditions  which  can  degrade  electro-optical  or  visual 
system  performance  as  a  by-product  of  their  primary  functions.  These  effects  are  the 
result  of  munition  explosions,  gaseous  and  heat  emission  from  explosives,  dust  from 
vehicles,  battlefield  fires,  and  launcher-induced  conditions.  Because  of  the  uncertainty 
in  the  environment  many  of  these  characteristics  are  empirical  in  nature  rather  then 
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being  more  deterministic  as  in  the  case  of  smoke. 

Section  6.  Models.  This  section  includes  models  which  deal  with  sources  of  environmental  degrada¬ 
tion  only.  These  include  the  models  of  natural  and  induced  extinction.  Many  mathemat¬ 
ical  models  have  been  produced  over  the  last  four  years  which  are  used  to  describe  the 
extinction  of  radiation  along  a  line  of  sight  as  a  function  of  meteorological  and  other 
atmospheric  parameters.  Also,  there  are  models  which  describe  the  radiation  field  in 
the  atmosphere  in  terms  of  particular  sources  such  as  the  Sun,  the  moon,  and  artificial 
sources  as  flaxes. 

Section  7.  Tests  and  Studies.  This  section  includes  tests,  which  are  defined  as  those  projects  or 
activities  which  involve  field  measurements,  whether  they  are  for  the  battlefield  envi¬ 
ronment  only,  tensor,  or  combat  level.  Studies  are  thoee  projects  which  are  more  analy¬ 
tical  in  nature  or  are  paper  simulations  rather  then  field  measurements.  The  latter  in¬ 
cludes  laboratory  data  because  those  data  must  be  extrapolated  or  modeled  to  be  applied 
to  realistic  field  conditions.  We  include  here  the  descriptions  of  DIRT-I,  DIRT-II, 
DIRT-111,  the  Optical  Signatures  Program,  Ft.  Sill  tests,  A.P.  Hill  teste  and  some  of 
the  Smoke  week  teats. 

Section  6.  Description  of  Basic  Characteristics  of  U.S.  Army  Electro-Optical  Systems  (Classified 

Section) .  This  section  includes  the  basic  electro-optical  (E-0)  characteristics  of  the 
various  Army  E-0  systems.  A  description  is  given  of  the  type  of  sensor  and  sensor-system 
and  how  it  iu  used. 

Section  9.  Performance  Data  of  Sensor  (Systems)  in  Battlefield  Environment  Conditions  (Classified 
Section)  .  This  section  sussnarizes  the  available  performance  data  on  specific  sensor 
(system)  performance  in  the  battlefield  environment.  In  this  section  we  describe  the 
actual  data  which  have  been  obtained  for  the  performance  of  specific  sensors  and  sensor 
systems  such  as  TCW  night  sights,  Copperhead,  and  other  systems  for  the  realistic  battle¬ 
field  environment. 

(U)  Depending  upon  which  test,  modal,  or  system  one  is  interested  inf there  is  a  section  of  the 
Handbook  which  is  applicable.  The  user  of  the  Handbook  may  be  concerned  with  the  performance  of  a 
particular  E-0  sensor  at  e  specific  location  under  well-defired  meteorological  conditions.  The  user 
should  be  able  to  specify  what  his  performance  criteria  are  (i.e.  contrast  loss,  transmission  loss, 
etc.)  or  if  necessary  he  can  learn  what  specific  criteria  have  been  used  by  the  E-0  connunity  by 
referring  to  the  definition  of  relationships  between  battlefield  environmental  conditions  and  their 
significant  parameters  in  Section  2  of  the  Handbook.  In  addition,  the  user  can  refer  to  the  models 
and  data  given  in  Sections  8  and  9  to  learn  which  performance  criteria  have  been  used  for  current 
E-0  sensors  and  systems.  It  should  be  noted  that  the  Handbook  can  be  used  in  a  variety  of  ways.  For 
example,  it  is  applicable  not  only  for  the  analysis  of  specific  sensors  and  systems, but  also  for 
more  theoretical  or  analytical  studies  of  the  effects  of  the  atmosphere  on  electromagnetic  radiation 
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in  a  military  environment.  Thus,  one  can  take  parts  of  one  section  and  use  them  with  formulas, 
equations,  charts,  tables,  or  graphs  from  another  section  to  perform  whatever  analysis  one  is  in¬ 
terested  in.  Also,  the  looseleaf  binding  of  the  Handbook  and  the  positioning  of  the  sections 
allows  one  to  update  the  Handbook  in  a  convenient  manner  by  merely  inserting  new  sections  or  sub¬ 
sections. 


4.  RELATIONSHIPS  AMONG  VARIOUS 
BATTLEFIELD  ENVIRONMENTAL  PARAMETERS  (U) 

(U)  Although  gases  and  particulates  contribute  to  the  obscurant  materials  in  the  battlefield 
environment,  the  dominant  obscurant  is  usually  the  semi-permanent  suspension  of  particulates  called 
an  aerosol.  This  definition  includes  haze,  smoke,  dust,  fog,  and  other  combinations  of  low  visibil¬ 
ity  conditions.  These  conditions  will  cause  electromagnetic  radiation  to  be  scattered,  absorbed, 
and  emitted  by  the  particles  and  gases  of  the  medium.  The  attenuation  of  radiation  along  some  path 
s  is  given  in  terms  of  the  spectral  transmittance  T(X,s)  for  wavelength  X,  i.e. 


- 

8  1 

T(X,s)  -  exp 

- 

.  J 

n  J 

where  *(X,s)  is  the  volume  extinction  (scattering  plus  absorption)  coefficient  at  point  s  in  the 
medium.  The  extinction  coefficient  which  represents  the  total  cross  section  per  unit  volume  has 
units  in  reciprocal  length,  usually  km  1. 

(U)  The  loss  of  radiation  by  scattering  and  absorption  is  important  for  transmittance  but  the 
gain  of  radiation  by  scattering  and  emission  is  important  for  contrast  studies.  The  gain  in  radia¬ 
tion  contributes  to  a  quantity  called  the  path  radiance,  Lp(X,s)  so  that  the  complete  expression  for 
the  radiance  at  a  sensor  is  given  by 

Leo(X,S)  -  Lt(X,0)T(X,s)  ♦  Lp(X,s)  (2) 

wnere  is  the  target  radiance.  The  radiometric  quantities  which  contribute  to  the  radiance 

at  the  electro-optical  sensor  are  illustrated  in  Figure  1  for  a  typical  battlefield  scene.  Radiation 
components  from  the  sun  (or  moon),  clouds,  the  sky,  and  the  terrain  all  contribute  to  the  illumina¬ 
tion  or  temperature  of  the  target.  The  target  radiance  is  then  attenuated  by  scattering  and  absorp¬ 
tion  processes  and  an  additional  path  radiance  is  addsd  to  ths  attenuated  component.  The  path 
radiance  arises  from  the  scattering  and  emission  of  radiation  by  the  gaseous  and  aerosol  components 
of  the  medium  along  the  path  which  connects  the  target  and  sensor.  Ths  Handbook  lists  the  various 
models  which  have  been  developed  to  account  for  the  path  radiance  and  transmittance  by  smoke,  dust, 
and  fog.  It  should  be  ribted  that  the  transmittance  and  path  radiance  are  not  necessarily  constant 
with  respect  to  time  or  space.  For  many  electro-optical  systems  th.’re  can  occur  large  variations  in 
the  transmittance  and  path  radiance  ■  hroughout  the  scene  ,  This  gives  rise  to  variations 
which  are  of  considerable  importance  in  the  analysis  of  the  performance  of  these  sensors  in  a 
military  environment. 

(U)  Related  to  tho  quantities  in  Equation  1  and  2  are  other,  more  basic  parameters  which  are 
used  in  models  and  In  data  analysis.  Table  2  is  a  list  of  the  quantities  with  a  simplified  formu¬ 
lation. 
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TABLE  2.  RELATIONSHIPS  AMONG  PARAMETERS  (U) 


1.  Transmittance 

2.  Mass  Content 

3.  Extinction  coefficient 

4.  Absoprtion  coefficient 

5.  Scattering  coefficient 

6.  Spectral  radiance  at  sensor 


T(X,s)  »  exp  |  -k(X)s) 


8 

X ( s)  -J  Plaids' 


r(X,a)  “  N(s)ot(X,s) 


a(A,s)  «  N(s)c  (X,s) 


8(X,s)  -  N(8)c  (X,s) 


L  «»  LtT  +  Lp 


7.  Target  radiance 

8.  Path  radiance  (scattering) 


L  •  E  (irradiance) 
t  S 


L  (complicated  function  of  angles  and 
P  medium  parameters) 


9. 

Path  radiance  (emission) 

L  -  (1  -  T)B 

P 

i  ■ 

S  2 

10. 

Particle  site  distribution 

f(r)  -  arcexp|-brY) 

l  * 

k  j 

•  -3 

11. 

Rayleigh  cross  section 

1  i 
►  » 

!  2 

12. 

Rayleigh  phase  function 

p<X)  “  j(l  +  cos2x) 

i.  i 

13. 

Aerosol  phase  function 

(strongly  peaked  in  forward  direction) 

14. 

Mass  extinction  coefficient 

‘m(A'6)  -  TTtT 

i  j 

IS. 

Maas  absorption  coefficient 

a  (X,s)  - 
m*  p(s) 

16. 

Mass  scattering  coefficient 
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TABLE  2.  (CONTINUED)  (U) 


20.  Visual  range 


21.  Particle  concentration  (diffusion) 
(point  source) 


22.  Particle  concentration 

(diffusion)  (line  source) 


23. 

Reflected  radiance 

h  " 

r 

j*  cos6  o  L^df) 

24. 

Exitance 

M  *  I 

L  cosOdft 
r 

25. 

Irradiance 

E-j 

L^cosO'dD' 

26. 

Surface  albedo 

p(X> 

M(  X) 

“  E  ( X ) 

27. 

Directional  emisaivity 

,  L(X,fi) 

e(X,£))  - 

28.  Total  emiHsivity  t (Te>  - 


29.  Flux  (precipitation) 


30.  Extinction  (precipitation) 
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5.  CONCLUSIONS  (U) 

(U)  The  Battlefield  Environment  Obscuration  Handbook  represents  an  attempt  to  consolidate  the 
relevant  information  or  the  various  obscurants  which  are  found  in  the  modern  military  environments. 
New  laboratory  investigations  and  field  tests  are  being  conducted  and  new  mathematical  models  are 
continually  being  developed  which  address  the  problems  associated  with  battlefield  obscurants.  As 
a  result,  the  Handbook  will  have  to  be  updated  periodically  so  as  to  include  the  latest  information 
and  perhaps  to  delete  old  or  out  of  date  material.  With  the  rapid  progress  being  made  in  this  area 
I  would  Suggest  that  the  Handbook  be  updated  annually.  It  would  then  become  a  valuable  resource  for 
the  many  investigators  involved  in  the  analysis  of  sensors,  systems,  models,  and  data  for  military 
environments. 

REFERENCES  (U) 

Turner,  R.E.,  P.G.  Eltner,  C.D.  Leonard,  D.G-S.  Snyder,  Battlefield  Environment  Obscuration  Handbook, 
Final  Report,  SAI  80-009-AA,  Science  Applications,  Inc.  Decemter,  1980. 


UNCLASSIFIED 


UNCLASSIFIED 

OBSCURANTS  AS  A  COUNTERMEASURE  TO  MODERN  WEAPON  SYSTEMS 

LTC  John  R.  Bulger 
Assistant  Project  Manager 
Smoke/Obscurants 
Aberdeen  Proving  Ground,  HD 


DISCLAIMER 

The  conclusions  expressed  in  this  paper  are  the  author's  and  do  not  necessarily  reflect  the  views 
of  the  Project  Manager  for  Smoke  and  Obscurants  or  the  Department  of  the  Army,  This  paper  is 
unclassified;  however,  it  has  not  been  cleared  for  release  to  the  public. 

\  '  %rj 

The  question  of  US  Army  ability  effectively  to  ...  «  obscurants  as  a  countermeasure  to  modern  weapon 
systems  is  examined  in  three  aspects:  first,  mechanisms  by  which  presently  fielded  and  future 
weapon  systems  are  affected  by  obscurants;  second,  availability  of  obscurant  resources  In  the 
field;  third,  doctrinal  and  training  considerations.  The  paper  concludes  that,  technically  and 
tactically,  obscurants  will  play  an  important  role  in  future  conflicts.  The  US  Army  has,  with  some 
well  known  shortfalls,  the  assets  required  for  employment  in  combat.  Doctrine  for  employment  of 
obscurants  must  be  updated.  In  addition,  the  Army  must  train  more  routinely  in  an  obscured 
environment  as  well  as  In  planning  and  executing  smoke  missions. 


Modern  technology  has  changed  the  face  of  battle.  Our  electronic  age  has'  fostered  weapon 
s vs tems  of  unparalleled  eccuracy,  range  and  killing  power. Modern  electro-optica)  IEO)  weapon 
systems  which  use  verious  regions  of  the  elect  re-magnet  it  spectrum  fur  target  acquisition  and 
automatic  or  semi-automatic  guidance  have  made  the  elusive  dream  of  the  first  round  hit  come  true. 


Throughout  history,  every  sensational  advance  in  warfare  has  fostered  effective  countermea¬ 
sures.  There  are  also  effective  countermeasures  to  modern  EO  weapon  systems.  Interrupting  the 
I  lne-of-s ight  of  the  gunner,  or  the  path  of  the  laser  beam  :  u  the  system  Is  responding  to,  can 
defeat  the  weapon  system.  This  csn  he  done  in  a  number  oi  ways.  These  include  clever  use  of 
terrain,  use  of  suppressing  fires,  and  the  use  of  obscurants  such  as  military  smokes. 


Does  the  U.S.  Army  have  the  ability  to  elfectivelv  use  obscurants  es  a  countermeasure  to 
modern  weapon  systems?  To  answer  this  question,  we  must  examine  at  leasr  three  (actors.  First, 
technical  feasibility.  How  do  obscurants  interact  with  present  and  future  weapon  systems'  Does  our 
present  technology  promise  high  probability  of  success  in  dileatlng  modern  weapon  system,  through 
the  use  of  obscurants?  Second,  given  technical  feasibility,  does  the  Army  have  the  resources  to 
succi  sfully  employ  c-hscuren  .  in  battle?  Last,  doctrine,  tactics,  am!  t  ra  i  n  I  ng  cons  iderat  1  on ... 
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To  this  end,  the  questions  are,  does  U.S.  Army  doctrine  adequately  address  employment  of  smoke  In 
combat,  and  is  training  In  the  use  of  this  resource  at  a  sufficient  level  to  assure  success? 

Following  answers  to  these  fundamental  questions,  and  presentation  of  conclusions,  I  will 
suggest  some  recommendations  for  future  action. 

Force  structure  issues  will  not  be  examined  for  several  reasons.  First,  they  may  be 
classified.  Second,  they  are  the  subject  of  study  by  the  Army  as  of  this  writing.  Third,  the 
questions  can  be  considered  within  the  constraint  of  applications  of  present  and  currently  planned 
force  structure. 

How  do  obscurants  Interact  with  present  and  future  weapon  systems?  An  understanding  of  how 
these  systems  work  is  a  prerequisite  to  understanding  how  obscurants  affect  them.  I  will  briefly 
describe  examp'es  of  several  types  of  systems,  then  describe  how  smoke  and  obscurants  can  defeat 
them  or  degrade  their  performance. 

There  are  a  number  of  technologies  available  to  weapon  designers  for  the  design  of  "smart” 
weapon  systems;  that  Is,  our  modern  electro-optical  (EO)  weapon  systems,  such  as  antitank  guided 
missiles  and  laser  guided  munitions.  For  purposes  of  this  paper,  I  will  limit  discussion  to  wsspon 
systems  operating  In  the  visual  and  near  infrared  Oft)  regions  of  the  spectrum  because  weapon 
systems  which  operate  In  those  regions  are  described  In  the  open  literature.  This  limitation  is 
entirely  appropriate  even  If  one  considers  the  potential  for  use  of  other  regions  of  the  spectrum 
In  weapon  design  since  the  eyeball  Is  the  most  common  ssnsor  on  the  battlefield.  Further,  there 
ere  a  great  number  of  EO  systems  working  In  the  visual  or  near  IR  region  In  the  field  today.  These 
systems  will  be  In  use  for  many  years  to  come.  It  It  Important  to  note,  however,  that  this 
constralnr  generally  limits  addrssslng  the  Warsaw  Pact  threat  to  that  presented  through  the  mld-00 
timeframe.  The  picture  changes  rapidly  after  that  pariod. 

TOW  (Tube-launched,  optically  trucked,  wire  guided  missile)  is  a  wall  known  example  of  an 
anti-tank  guided  missile  (ATOM)  using  a  command  to  1  ine-of-s lght  guidance  system.  It  has  many 
analogs  In  both  the  free  world  and  Warsaw  Pact  arsenals.  The  gunner  employing  TOW  visually 
acquires  his  target,  lays  the  weapon  system  sight  on  ths  target,  and  releases  the  missile.  The 
missile  has  s  flare  in  the  rear  of  It  which  is  sensed  by  the  weapons  guidance  system  (located  with 
the  gunner).  The  gunner  maintains  his  sights  on  the  target  as  ths  missile  flies  toward  it.  The 
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guidance  system  Is  able  to  compute  the  relative  location  of  the  missile  and  the  target  using 
Information  received  from  cracking  the  flare  and  from  the  orientation  of  the  sights.  The  guidance 
commands  are  sent  to  the  missile  over  a  fine  wire  laid  behind  the  missile.  These  commands  are  sent 
automaticaly  without  the  intervention  ot  the  gunner. 

Any  countermeasure  which  denies  1 ine-of-s lght  from  the  gunner  to  the  target  or  the  missile 
will  degrade  or  defeat  the  system.  Figure  l,  (10i  2-3)  shows  how  obscurants  can  defeat  command  to 
1 lne-of-s lght  ATCM ' s . 


FIGURE  J..  EFFECTS  OF  SMOKE  ON  COMMAND  TO  LINE-OF-SICHT  ATGM'S 
Several  defaat  mechanisms  are  Illustrated  in  Figure  li 

*Flrstj  the  smoke  cloud  may  block  the  gunner's  Image  of  tho  target. 

♦Second,  the  cloud  may  scatter  ambient  light  so  that  no  coherent  Image  can  be  distinguished 
through  the  cloud.  In  either  case,  the  gunner  can  no  longer  tract  the  target. 

♦Third,  the  cloud  may  attenuate  light  from  the  tracking  flare  to  the  point  that  tne  misslla 
tracker  In  the  guidance  system  can  no  longer  crack  the  missile. 

Smoke  can  also  effectively  defeat  or  severely  degrade  laser  guidance  systtms.  With  laser 
guided  systems,  tho  target  is  normally  designated  with  a  laser  spot  from  a  laser  designator 
operated  by  the  gunner  c  an  observer.  A  seeker  in  the  nose  of  the  missile  senses  the  laser  -pot 
and  guides  the  missile  to  the  target.  This  technology  has  been  implemented  In  bombs,  missiles,  and 
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artillery  projectiles. 

Smoke  affects  these  systems  In  two  ways.  (Figure  2)  (14:  2-5): 

♦First,  smoke  can  attenuate  either  the  primary  or  reflected  laser  energy  to  a  level  which  the 
seeker  cannot  detect. 

♦Second,  the  obscurant  cloud  may  reflect  the  laser  spot  and  appear  to  the  seeker  to  be  the 
target.  The  missile  Is  then  guided  to  the  leading  edge  of  the  cloud  rather  than  the  target. 


TAfiGET 


FIGURE  2.  EFFECTS  OP  SMOKES  ON  LASER  CIUDANCE  SYSTEMS 

Directed  energy  weapon  systems  are  an  emerging  threat  on  che  modern  battlefield,  "Star  Wars" 
technology  may  be  employed  In  the  near  future  In  both  ant  1-mat erle  1  and  anti-personnel  laser 
weapons.  The  fact  chat  these  systems  depend  on  coherent  energy  for  damage-producing  effects  can 
be  countered  by  smoke.  Smoke  scatters  this  coherent  energy  and  may,  therefore,  greatly  reduce  the 
effectiveness  of  laser  weapons.  The  concepts  have  yet  to  be  tested,  however,  obscurants  show 
promise  for  degrading  this  modern  threat. 

Thus,  smoke  can  severely  degrade  the  effectiveness  of  these  modern  systems.  No  new  technology 
is  required  to  execute  the  mechanisms  described.  Some  authors  believe  that  smoke  is  more  effective 
than  high  explosives  or  other  suppressive  I ire3  in  limiting  the  effectiveness  of  these  systems.  A 
few  hundred  dollars  worth  of  unsophl st icat od  munitions  can  prevent  a  sophisticated  missile  worth 
thousands  of  dollars  from  hitting  its  target! 

Civen  acceptance  of  the  capability  of  smoke  to  defeat  sophisticated  electro-optical  weapon 
systems,  lot's  not  forget  that  smoke  has  a  much  broader  effect.  1  mentioned  earlier  that  the 
eyeball  is  the  most  common  sensor  on  the  battlefield.  Accomplishing  any  task  which  requires  visual 
cm  tact  with  your  surroundings  is  affected  by  smoke.  Land  navigation  using  terrain  features  is 
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Impossible  In  a  smoke  cloud.  Use  or  optical  sights,  binoculars  and  image  intensifies  may  be 
impossible.  More  subtly,  the  isolation  created  by  the  inability  to  see  your  surroundings  may 
cause  uncertainty  and  even  panic  which  can  alter  the  course  of  a  battle. 

How  do  these  weapon  system-defeating  smoke  clouds  appear  on  the  battlefield?  The  capability 
to  employ  smokes  as  combat  cools  is  well-established  in  most  modern  armies.  Table  1  provides 
employment  and  area  coverage  deta  for  selected  systems  now  in  the  field  with  the  U.S.  Army. 

Meteorological  conditions  always  require  careful  consideration.  Smoke  effects  may  be  enhanced 
or  degraded  by  the  weather.  The  conditions  used  to  construct  Table  1  have  been  carefully  selected 
neither  to  enhance  nor  degrade  the  effects  of  the  obscurant.  The  table  reflects  a  "middle  of  the 
road"  view.  Under  more  favorable  conditions,  less  ammunition  may  be  required  for  the  same  effect. 
There  are  also  conditions,  such  as  during  high  winds,  when  smoke  employment  may  not  be  feasible. 

Table  1  demonstrates  that  the  U.S.  Army  has  substantial  resources  available  today  for 
effective  smoke  employment.  A  number  of  programs  are  underway  which  will  substantially  enhance 
these  capabilities.  Among  these  are: 

*The  XM6Z5  Improved  Smoke  Screening  Projectile.  This  system  will  Improve  present  area 
coverage  and  duration  capabilities  of  the  l55rom  artillery  system  to  provide  screening  forward  of 
the  FEBA  (forward  edge  of  the  battle  area).  The  logistic  burden  of  providing  that  support  will 
also  be  substantially  reduced. 

*Thc  XM819  Improved  81mm  Mortar  Smoke  Screening  Cartridge.  This  round  will  enhance  the 
present  smoke  screening  capability  of  the  81mm  mortar  many  fold. 

*The  XMC9  Smoke  Generator.  The  screen  described  in  Table  1  for  M3A3  Smoke  Generator  will  be 
capable  of  being  established  using  XM49  generators  with  ona-thlrd  fewer  generators  and  half  the 
manpower.  In  addition,  the  system  will  be  capable  of  operating  from  a  moving  vehicle.  It  will  also 
be  capable  of  disseminating  a  number  of  different  smoke  agents,  to  include  agents  which  obscure 
the  far  1R  region  of  the  spectrum. 

*The  M259  2.73  Inch  Smoke  Rocket.  This  round  is  now  being  fielded.  It  will  provide  excellent 
capability  for  air  to  ground  smoke  employment.  For  example,  one  ripple  of  19  rockets  can  produce  a 
screen  several  kilometers  in  length.  The  screen  will  last  for  more  than  five  minutes. 

The  conclusion  must  be  that  we  have  the  means,  at  least  from  the  standpoint  of  hardware 
capability,  to  counter  modern  weapon  systems  with  smoke.  Present  end  planned  U.S.  Army 
procurements  will  comfortably  satisfy  most  projected  requirements  based  on  present  demand. 
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TABLE  1.  CHARACTERISTICS  OF  SELECTED  SHORE  SYSTEMS 
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However,  there  ere  e  number  of  points  that  could  limit  ability  to  employ  the  capability.  First, 
smoke  pots  are  In  short  supply.  Second,  and  perhaps  of  more  importance,  demands  F r  smoke 
ammunition  have  been  low  over  the  past  twenty  years.  The  succeeding  paragraphs  point  out  that  U.S. 
Army  use  of  smoke  in  training  and  planned  use  In  combat  Is  quite  low.  Increased  use  of  smoke  may 
drive  requirements  for  increased  production  of  scandard  smoke  material. 

Now  let's  examine  some  tactical  considerations.  Can  this  capability  be  integrated  into  plans 
of  fire  and  maneuver  to  provide  an  effecdve  tactical  tool?  The  Soviets  think  so.  In  fact,  the 
easiest  way  to  answer  this  question  Is  to  borrow  a  few  pages  from  the  Soviet  book  (4:192): 

"Now  when  the  effectiveness  of  all  types  of  weapons  Is  significantly  growing,  screening  with 
smoke  plays  an  even  more  Important  role  In  safeguarding  combat  operation  of  troops.  It  makes 
observation,  aimed  fire  and  control  of  podra2deleniye  (units)  difficult  and  does  not  permit  the 
use  of  Infrared,  television,  laser  and  other  equipment." 

Donnelley's  recent  article  n  the  International  Defense  Review  (3,  1099),  provides 
considerable  Insight  Into  hou  the  Soviets  Intend  to  Integrate  the  capability  of  smoke  Into 
offensive  operations.  The  Soviets  are  concerned  tilth  what  Is  considered  to  be  an  awesome  anti-tank 
defense  capability  within  NATO.  According  to  Donnelley,  "  .  .  .  .  smoke  is  seen  as  the  best  way  of 
reducing  the  effectiveness  of  NATO  long  range  anti-tank  weapons."  (&:1105).  The  Soviets  consider 
that  tne  employment  of  smoke  screens  between  advancing  formations  and  thres'  weapons  will  reduce 
the  effectiveness  of  those  weapons  by  five  times  (4:195).  Employment  of  smoke  on  defending 
positions  in  a  blinding  role  will  reduce  the  effectiveness  of  those  weapons  by  approximately  ten 
times.  (4:195). 

Open  literature  indicates  that  the  Soviets  not  only  accept  these  principles,  but  have  the 
doctrine,  and  practice  It  In  training,  to  support  successful  application  In  combat.  Emphasis  In 
training  Is  extremely  Important.  The  Soviets  recognize  that  smoke  may  hinder  operations  if  It  Is 
not  used  In  a  coordinated  combined  arms  role  by  soldiers  who  are  familiar  with  its  effects. 
Accordingly,  planning  and  execution  of  smoke  operations  are  routinely  practiced  in  training 
exerc lses. 

Integration  of  smoke  Into  tactical  operations  is  not  a  new  concept  for  the  U.S.  Army,  The 
annals  of  World  War  II  and  Korea  contain  numerous  accounts  of  smoke  operations.  The  Army  has, 
however,  been  dangerously  slow  in  using  this  experience  to  accommodate  the  modern  "smart"  weapons 
threat.  We  must  also  remembe'r  that  smoke  can  be  likened  to  a  twc-polntcd  spear.  We  must  not  only 
employ  smoke  to  enhance  survivability  against  threat  electro-optical  weapon  systems,  but  we  must 
also  be  prepared  to  cope  with  hostile  employment  of  smuke  agents  or  our  forces. 
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The  problem  faced  by  the  Army  is  not  so  much  one  of  failure  to  recognize  the  threat ,  but  of 
one  to  rise  to  It  completely.  Former  Vice  Chief  of  Staff  Cenerel  W.T.  Kerwin,  Jr.  highlighted  the 
need  In  1977  with  this  often  quoted  charge  (18):  "The  Army's  objective  must  be  to  man,  equip,  and 
train  an  Army  which  routinely  thinks  in  terms  of  realistic  battlefield  environmental  conditions, 
and  can  operate  successfully  when  subjected  to  them."  General  Kerwin  Includes  smoke  and  other 
limited  visibility  conditions  in  his  reference  to  the  realistic  battlefield.  This  guidance  has 
been  responded  to  In  a  number  of  ways,  some  of  which  will  be  discussed  below.  However,  one  of  the 
problems  of  our  implementation  tends  to  be  that  it  is  limited  to  occasional  excursions  into  those 
conditions. 

We  must  prepare  to  cope  with  the  conditions  of  modern  battle  through  day-to-day  training  and 
practice  under  those  conditions.  Occasional  exposure  to  the  realm  of  the  obscured  battlefield  will 
not  be  adequate  preparation  for  our  next  war.  We  will  not  succeed  in  chat  war  unless  we  are 
capable  of  employing  our  combat  resources  In  a  means  which  will  recap  the  synergistic  effect  of 
coordinated  employment  of  combat  assets. 

The  Chemical  Systems  Program  Review  (SPR)  hosted  by  the  Vice  Chief  of  Staff  of  the  Army  at 
Ft.  McClellan,  AL  in  May  1980,  pointed  out  our  principal  shortfalls  in  capability  to  employ  smoke, 
as  well  as  our  ability  to  fight  under  conditions  created  by  hostile  employment  of  smoke.  These 
shortfalls  Include  insufficient  doctrine  and  Infrequent  training  (16).  Doctrine  in  smoke 
employment  has  not  kept  pace  with  improvements  In  materiel  and  changes  in  tactical  doctrine  over 
the  past  twenty  years.  There  are  two  facets  to  the  training  issue.  The  first  is  training  under 
obscured  conditions.  This  will  prepare  our  forces  to  cope  with  hostile  smoke  employment  as  well  as 
the  undesirable  effects  of  U.S.  Array  smoke  employment.  The  second  is  training  in  employment  of 
obscurants  as  a  countermeasure  to  high  technology  weapon  systems. 

The  adoption  of  recommendations  resulting  from  the  SPR  will  substantially  enhance  U.S.  combat 
capabilities.  SPR  recommendations  are  already  driving  Army  actions  to  that  end.  A  concept  for  the 
employment  of  smoke  (TRADOC  Pamphlet  525-3),  was  published  in  September  of  this  year.  This  concept 
will  be  used  as  a  foundation  for  review  and  update  of  doctrinal  literature  applied  In  all  Army 
mission  areas.  It  serves  as  a  keystone  for  Integration  of  smoke  as  a  combat  multiplier  in  tactical 
planning  a.  all  levels  of  command.  The  ideas  expressed  in  that  concept,  when  fully  adopted,  will 
enhance  the  survivability  of  our  forces  for  years  to  come. 

That  Is  not  to  say  that  the  Army's  tacticians  and  planners  have  completely  Ignored  the 
capabilities  of  smoke,  particularly  since  the  mid-seventies.  The  number  of  commanders  who  will 
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reject  provisions  for  use  of  smoke  In  tactical  plans  because  It  will  "screw  things  up"  Is  fast 
declining.  Few  officers  in  today’s  Army  will  deny  that  we  have  a  need  for  responsive  and  effective 
smoke  employment  In  the  field.  However,  too  few  officers  routinely  consider  employment  of  smoke  in 
formulating  tactical  plans. 

Training  In  smoke  employment  and  under  obscured  conditions  remains  Inadequate.  Scarce 
resources  contribute  to  this  lack  of  training.  Suitable  smoke  producing  ammunition  is  either 
scarce  or  inconvenient  to  use.  Smoke  pots  are  expensive  end  not  readily  available  for  training. 
They  produce  smoke  too  long  for  realistic  simulation  of  artillery  or  mortar  delivered  smoke.  Smoke 
generators,  and  trained  personnel  to  operate  them,  are  also  scarce.  They  are  also  impossible  to 
integrate  into  training  scenarios  to  simulate  realistically  employment  of  artillery  or  mortar 
delivered  smoke.  There  are  some  areas,  nocably  Europe,  where  smoke  employment  for  training  must  be 
severely  limited  due  to  training  area  limitations.  This  is  not  a  severe  limitation,  however,  in 
the  United  States. 

In  summary,  our  ability  to  Integrate  employment  of  smoke  into  future  battles  Is  marginal,  but 
improving.  Training  Is  limited.  Doctrine  is  Insufficient.  Corrections  tc  these  problems  are, 
however,  pending  or  In  progress. 

Can  the  U.S.  Army  use  obscurants  as  a  countermeasure  to  modern  weapon  systems?  Let  me  first 
summarize  the  conclusions  from  each  of  the  subtopics  I  have  dlscussedi 

First,  from  a  technical  point  of  view,  smoke  Is  an  effective  countermeasure.  Current  military 
smokes  can  severely  degrade  the  performance  of  weapon  systems  which  operate  In  the  visual  or  near 
IR  regions  of  the  spectrum.  This  capability  will  hold  well  into  the  future. 

Second,  we  have  the  hardware  required  to  employ  smoke  in  battle.  Materiel  presently  under 
development  will  suscantlally  improve  that  capability.  However,  If  we  begin  to  use  smoke  to  the 
extent  Justified  by  its  potential  as  a  countermeasure  to  modern  weapon  systems,  shortages  in 
materiel  may  severely  limit  our  opportunities  to  employ  smoke. 

The  overall  indication  Is  a  qualified  yes.  Yes.  we  can,  (and  should)  use  obscurants  as  a 
countermeasure  to  modern  weapon  systems.  The  "yes",  while  perhaps  somewhat  surprising  in  light  of 
conclusions  relative  to  training  and  doctrine,  is  based  on  several  factors  not  previously 
discussed.  First,  there  is  nothing  startlingly  new  In  the  recently  published  smoke  concept. 
Second,  historically,  the  American  soldier  has  always  shown  remarkable  Ingenuity  and  initiative  in 
applying  the  resources  available  to  him.  Integration  of  the  smoke  concept  into  tactical  doctrine 
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Is  an  important  task  facing  the  Army.  However,  the  soldier  in  the  field  will  not  wait  for  the 
books  to  be  published  before  he  applies  the  concept  If  It  is  useful  to  him. 

The  Issue  of  training  In  smoke  Is  one  which  must  get  high  priority.  If  our  soldiers  are  to  be 
prepared  to  cope  with  fighting  in  an  obscured  environment,  they  must  experience  the  effects  of 
smoke  on  their  primary  weapon  systems,  their  ability  to  maneuver,  and  their  own  psychological 
responses.  Their  leaders  need  experience  in  integrating  smoke  into  tactical  plans.  They  need  to  be 
able  to  make  firsthand  assessments  of  the  benefits  and  burdens  of  smoke  employment  and  have  an 
opportunity  to  adjust  their  tactics  accordingly. 

If  the  Army  Is  to  improve  its  capabilities  in  this  area,  several  actions  need  to  be  pursued: 

First,  complete  integration  of  the  smoke  concept  into  "how  to  fight"  manuals  and  other 
training  literature. 

Second,  adopt  training  devices  which  make  smoke  employment  during  training  more  realistic  and 
ef  f  ic  lent . 

Third,  train  routinely  (and  frequently)  in  the  employment  of  smoke  and  in  operations  in  an 
obscured  environment.  Two  aspects  of  training  need  to  be  emphasized: 

♦Individual  and  new  unit  training,  including  training  gunners  and  crews  in  operation  of 
primary  weapon  systems  under  obscured  conditions.  Training  of  officers  and  NCO's  In  smoke 
employment  also  needs  to  be  emphasized. 

♦Unit  training,  particularly  at  the  battallion  level  and  below.  Such  training  should 
emphasize  Integration  of  smoke  employment  into  tactical  plans,  and  maneuvers  under  obscured 
conditions. 

Considerations  should  be  givin  to  adding  performance  of  critical  functions  under  obscured 
conditions  as  mandatory  tasks  in  Army  Training  and  Evaluation  Programs  (ARTEP). 

Fourth,  assess  quantities  of  smoke  immediately  available  tor  contingencies  in  light  of 
potential  Increased  requirements  and  adjust  procurement  plans  accordingly. 

Our  consideration  of  the  realistic  battlefield  must  be  on  a  continuous  basis,  not  through 
occasional  excursions  into  that  realm.  Employment  of  smoke  and  fighting  In  an  obscured  environment 
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Is  a  significant  part  of  the  realistic  battlefield.  I  believe  we  have  a  long  way  to  go  if  we  are 
to  be  prepared  to  cope  with  obscured  conditions  and  use  obscurants  to  their  full  potential. 
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